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SYSTEMATIC REVIEW Open Access
Total Energy Expenditure, Energy Intake,
and Body Composition in Endurance
Athletes Across the Training Season: A
Systematic Review
Juliane Heydenreich1,2*, Bengt Kayser2, Yves Schutz3 and Katarina Melzer1
Abstract
Background: Endurance athletes perform periodized training in order to prepare for main competitions and maximize
performance. However, the coupling between alterations of total energy expenditure (TEE), energy intake, and body
composition during different seasonal training phases is unclear. So far, no systematic review has assessed fluctuations
in TEE, energy intake, and/or body composition in endurance athletes across the training season.
The purpose of this study was to (1) systematically analyze TEE, energy intake, and body composition in highly trained
athletes of various endurance disciplines and of both sexes and (2) analyze fluctuations in these parameters across the
training season.
Methods: An electronic database search was conducted on the SPORTDiscus and MEDLINE (January 1990–31 January
2015) databases using a combination of relevant keywords.
Two independent reviewers identified potentially relevant studies. Where a consensus was not reached, a third
reviewer was consulted. Original research articles that examined TEE, energy intake, and/or body composition in 18–
40-year-old endurance athletes and reported the seasonal training phases of data assessment were included in the
review. Articles were excluded if body composition was assessed by skinfold measurements, TEE was assessed by
questionnaires, or data could not be split between the sexes.
Two reviewers assessed the quality of studies independently. Data on subject characteristics, TEE, energy intake, and/or
body composition were extracted from the included studies. Subjects were categorized according to their sex and
endurance discipline and each study allocated a weight within categories based on the number of subjects assessed.
Extracted data were used to calculate weighted means and standard deviations for parameters of TEE, energy
intake, and/or body composition.
Results: From 3589 citations, 321 articles were identified as potentially relevant, with 82 meeting all of the inclusion
criteria. TEE of endurance athletes was significantly higher during the competition phase than during the preparation
phase (p < 0.001) and significantly higher than energy intake in both phases (p < 0.001). During the competition phase,
both body mass and fat-free mass were significantly higher compared to other seasonal training phases (p < 0.05).
(Continued on next page)
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Conclusions: Limitations of the present study included insufficient data being available for all seasonal training phases
and thus low explanatory power of single parameters. Additionally, the classification of the different seasonal training
phases has to be discussed.
Male and female endurance athletes show important training seasonal fluctuations in TEE, energy intake, and body
composition. Therefore, dietary intake recommendations should take into consideration other factors including the
actual training load, TEE, and body composition goals of the athlete.
Key Points
 Endurance athletes show training seasonal
fluctuations in TEE, energy intake, and body
composition.
 Dietary recommendations should consider the actual
training load, TEE, and body composition goals.
Background
Total energy expenditure (TEE) is composed of the energy
costs of the processes essential for life (basal metabolic
rate (BMR), 60–80% of TEE), of the energy expended in
order to digest, absorb, and convert food (diet-induced
thermogenesis, ~10%), and the energy expended during
physical activities (activity energy expenditure, ~15–30%)
[1, 2]. Elite endurance athletes are characterized by high
fluctuations of TEE, mainly due to the variability of the
energy expended during sporting activities. Among elite
senior endurance athletes, training loads from 500 h/year
[3, 4] up to 1000 h/year [5–7] have been reported,
depending on the specific muscular loading characteris-
tic of the sport. During heavy sustained exercise (e.g.,
during the Tour de France), TEE can be as high as five-
fold the BMR over several weeks [8]. On the other
hand, during recovery days, pre-competition tapers, or
during the off-season, the energy expended in activities
is far less. Therefore, TEE is expected to be much lower
and may even reach levels comparable to that of seden-
tary behavior.
An appropriate energy intake supports optimal body
function, determines the capacity for intake of macronu-
trients and micronutrients, and assists in manipulating
body composition in athletes [9]. It is a challenge for
each endurance athlete to appropriately match energy
intake and TEE in order to achieve energy balance and
thus, weight stability, both on a micro level (i.e., over
1 day or several days) and through the training and
competitive season. Furthermore, endurance athletes in
general strive for a low body mass and/or body fat level
for various advantages in their sports, specifically during
the competition season [10]. This allows runners and cy-
clists to reach greater economy of movement and better
thermoregulatory capacity from a favorable ratio of weight
to surface area and less insulation from subcutaneous fat
tissue. Elite endurance athletes are therefore characterized
by low body mass and body fat content. For example, in
elite Kenyan endurance runners, the body fat percentage
was 7.1% [11], which is only marginally above the recom-
mended 5% minimum for males [12]. In the same athletes,
body mass index (BMI) was 18.3 kg/m2 [11], which is gen-
erally classified as being underweight [13]. However, these
athletes were in peak physical conditions as the investiga-
tions were undertaken and a low body fat percentage and
body weight might be an advantage for competition.
Achieving a negative energy balance and a concomitant
loss of body and fat masses in preparation for competition
can be accomplished in phases with high daily TEE solely
by the reduction of energy intake, since any further
training load increases could cause overtraining [12].
Therefore, the nutritional goals and requirements of
endurance athletes are not static over the training year.
Since endurance athletes undertake a periodized training
program and follow periodized body composition goals,
the nutritional support also needs to be periodized [9].
Usually, the annual training schedule of an elite endur-
ance athlete is divided into distinct phases, each with
very specific objectives. This is necessary to maximize
physiological adaptations for improved performance,
usually scheduled to peak around the main competitions
of the year [14]. The principle of training periodization
was first introduced in the 1960s by the Soviet trainer
Leo Matveyev [15] and has not fundamentally changed
since then [14]. The basis of this model is to prepare the
athlete for one or more major competitions during the
year by separating the training into the following three
main phases (macrocycles): preparatory, competitive,
and transition phases [15]. An example for a “one-peak
annual plan” for a runner is shown in Fig. 1. The pre-
paratory phase is characterized by predominantly high-
volume training at moderate intensities, which improves
endurance capacity and provides a more efficient use of
fuel substrates. During the late preparatory phase, training
volume is reduced while intensity is gradually increased.
The goal of this phase is to reach peak performance and
to transfer the training effects into the competitive phase,
where exercise intensity is the highest. In the week before
an important competition, volume and intensity are typic-
ally decreased (taper phase) to allow the body to optimally
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recover for competition. The days and weeks after a main
competition are characterized by low-intensity and low-
volume training, with goals to induce regeneration and to
prepare the athlete mentally and physically for the next
training cycle (transition phase) [14, 16].
Although the concept of training periodization in elite
endurance sports has been established for a long time,
the coupling of periodized training with nutrition and
body composition has gained scientific awareness only
recently [17]. Stellingwerff ’s group was one of the first to
publish periodized nutrition guidelines for middle-
distance athletes [17], they then expanded these recom-
mendations for a multitude of power sports [18].
Nowadays, there are guidelines for carbohydrate, pro-
tein, and fat intake during training and competition
phases, not exclusively focusing on endurance sports
[19–21]. Meanwhile, for endurance athletes, sport-
specific dietary intake recommendations were developed
only for a few endurance disciplines (e.g., swimmers
[22–25], distance runners [26], marathon/triathlon/road
cycling [27]). But it remains unclear whether endurance
athletes are actually following these nutrient guidelines
across all seasonal training phases.
The validity of either body composition, energy intake,
or TEE-determination in athletes strongly depends on
the methods used. The measurement of body compos-
ition in general is prone to error. It has been shown that
acute food or fluid ingestion [28], subject positioning
[29], previous physical activity [30], and hydration status
[31] have an impact on reliability of body composition
measurement. Since endurance athletes often train sev-
eral times per day, it might be difficult to assure best
conditions for body composition assessment. According
to a recent methodology review performed by Nana et
al., only few of the studies, where body composition of
athletes was measured with dual X-ray absorptiometry
(DXA), provided details about their subject and device
standardization [30]. However, other methods like skinfold
measurements require highly experienced investigators
[32] and strongly depend on the number of measurement
sites and the formula used to calculate the percentage of
body fat [33]. Therefore, it is important to report
standardization protocols in order to evaluate the quality
of data assessment. One main issue in assessing energy in-
take in athletes is the magnitude of under-reporting, which
can amount to 10–45% of TEE [34]. It was shown that the
magnitude of under-reporting increases as energy require-
ments increase [34]. Since endurance athletes are often
characterized by highTEE, we must assume that these ath-
letes are very prone to a high percentage of under-
reporting. For determination of TEE objective methods
such as doubly labelled water (DLW) or heart frequency
measurements are available. However, in many studies
subjective methods such as activity records and activity
questionnaires are used in order to assess the activity level
and TEE of subjects. These methods estimate TEE or ac-
tivity level and their validity strongly depends on the
breadth of the activity dimensions analyzed.
There exist some longitudinal studies that have
assessed fluctuations in body composition, dietary intake,
and/or TEE of endurance athletes across the training sea-
sons [35–52], but no systematic reviews have been per-
formed. Therefore, the purpose of this study was to (1)
systematically analyze TEE, energy intake, and body com-
position in highly trained athletes of various endurance
disciplines and of both sexes with focusing on objective
assessment methods and (2) analyze fluctuations in these
parameters across the training season. We hypothesized
that endurance athletes show large fluctuations of TEE
during different seasonal training phases due to differing
exercise loads, and concomitant alterations in energy
intake and body composition.
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Fig. 1 Periodization of the training year for a “one-peak annual year” of an elite runner. Adapted from Bompa & Haff [16]
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Methods
The review protocol was developed according to the
Meta-analysis of Observational Studies in Epidemiology
Guidelines for meta-analyses and systematic reviews of
observational studies [53].
Search Strategy
A systematic literature search was performed to retrieve
articles pertaining to body composition, energy intake,
and TEE in endurance athletes across the training sea-
son. One researcher (JH) conducted the search for publi-
cations on 31 January 2015 in the electronic databases
MEDLINE (via PubMed) and SPORTDiscus with Full
Text (via EBSCOHost). A hand search of relevant re-
views was performed to obtain additional articles missed
by the database search. No individual or organization
was contacted to receive further publications. To identify
the population of endurance athletes, the following key-
words connected with the Boolean operator “OR” were
searched: endurance athletes, endurance-trained, endur-
ance trained, aerobically trained, runners, swimmers, tri-
athletes, skiers, cyclists, and rowers. To identify the
outcome of body composition, TEE, and energy intake,
the following keywords connected with the Boolean op-
erator “OR” were searched: body composition, fat mass,
fat-mass, fat free mass, fat-free mass, body fat, metabolic
rate, energy expenditure, dietary intake, food intake, en-
ergy intake, food consumption, and macronutrient*.
Terms for the study population and outcomes were
combined by the use of the Boolean operator “AND”.
Limits included articles published in the English lan-
guage, human studies, and publishing date limits be-
tween 1990 and January 2015. Keywords were searched
as free text in the title, abstract, and subject heading. A
detailed overview of search strategies in the two data-
bases can be obtained in Additional file 1: Table S1.
Literature Selection
Two researchers independently assessed the eligibility of
the records by screening the title, abstract, and keywords
for inclusion and exclusion criteria. An agreement be-
tween the two researchers was quantified by kappa statis-
tics [54]. The full texts of all abstracts meeting the
eligibility criteria were retrieved and subjected to a second
assessment for relevance performed by one author (JH).
The inclusion criteria included (1) articles reporting
original data in peer-reviewed journals; (2) in vivo, hu-
man analyses; (3) adult endurance athletes (highly aerobic-
ally trained individuals who were engaged in a competitive
endurance sport) with a mean age of 18–40 years; (4)
reporting of training seasonal phase of data assessment;
and (5) assessment of body composition and/or ad libitum
daily energy intake and/or daily TEE. Articles were
excluded from the review if (1) the article was only in
abstract form or a case report, (2) data could not be split
between the sexes (where both male and female subjects
were analyzed), (3) body composition was assessed by
skinfold measurements, (4) daily TEE was assessed by the
use of questionnaires, and (5) descriptive quantitative
results were not reported in a text or tabular form. Any
difference in assessments between the two researchers
was discussed in the first instance or resolved by a third
author (KM).
Methodological Quality Assessment
All relevant articles were examined for full methodo-
logical quality using a modified version of the Downs
and Black [55] checklist for the assessment of the meth-
odological quality of randomized and non-randomized
studies of health care interventions. According to Fox et
al. [56], 10 of the 27 criteria that logically applied to all
of the types of studies included in this review were used.
The maximum possible total score was 10. Two re-
searchers assessed the study quality independently, with
differences resolved by consensus or by a third author
(KM). The agreement between the two researchers was
quantified by kappa statistics [54]. Based on the
assessment of the methodological study quality, no studies
were excluded and no additional analyses were under-
taken. The methodological quality of the included studies
is shown in Additional file 2: Table S2.
Data Extraction
Body composition, energy intake, and/or TEE data were
extracted from all studies included in the review by the
first author (JH). Demographic and methodological data
were also extracted for the following confounding factors:
age, sex, sports discipline, competition level, seasonal
phase, and methods for assessing body composition,
energy intake, and/or TEE. If the same subjects were ana-
lyzed during different time points in the same seasonal
phase (e.g., energy intake before three different races, or
assessment of energy intake at three time points during
the training period), the first time point was chosen for
data analysis to facilitate data entry and to avoid selection
bias. If studies reported any intervention leading to a non-
habitual behavior of athletes’ nutrient intakes (e.g., dietary
supplementation), the baseline and/or control group data
were used. To enable comparisons between studies,
reported units were converted into standard units. These
conversions were performed by using the reported mean
values of the outcomes. Energy intake and TEE were
reported in either absolute (kcal/day) or relative values
(energy intake or TEE in relation to body weight [kcal/
kg·day]). Body composition was converted into fat mass
(%, kg) and fat-free mass (kg). According to the definition
by Wang et al. [57], the terms lean body mass and fat-free
mass (FFM) were considered synonymous. Duplicate
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publications from the same data set were identified ac-
cording to the criteria published in the Cochrane Hand-
book for Systematic Reviews of Intervention [58]. The
most complete record was then used for data extraction.
According to the traditional periodization model, the
reported seasonal training phases of data assessment
were clustered into three groups that included the prep-
aration phase, the competition phase, and the transition
phase [14–16]. A detailed overview of the clustering can
be obtained in Table 1.
Statistical Analysis
The main outcome measures were body composition
(fat mass, FFM), energy intake, and TEE of endurance
athletes across the season. Once all of the relevant data
were extracted, the weighted mean and standard devi-
ation of the weighted mean were calculated for the main
outcome variables. Based on the number of subjects
examined within the study, relative to the total number
of subjects examined for the specific variable, a percent-
age weight (w) was allocated to each result within each
outcome variable and used for the calculation of the
overall weighted mean (Xw) and standard deviation of
the weighted mean (SDw) for each variable [59]. A cap-
ital “N” denotes the number of separate studies, while a
small “n” denotes the number of included individual
subjects.
Statistical analyses were performed using the statistical
software SPSS statistics version 22 for Windows (IBM
Corp., Chicago, IL, USA). p values < 0.05 were consid-
ered statistically significant. Kolmogorov-Smirnov tests
were performed to check for normal distributions. All
parameters were normally distributed except body mass,
fat mass, and FFM. To test for comparisons of sub-
groups, one-factorial analyses of variance (ANOVAs)
with Scheffé post hoc tests (parametric) and Kruskal-
Wallis tests (H-test) with Mann-Whitney U post hoc
tests (non-parametric) were performed. When multiple
non-parametric post hoc tests were applied, Bonferroni-
adjusted alpha levels were applied. Since parameters for
body composition were not normally distributed, we
abstained from multiple statistical comparisons between
seasonal training phases and endurance disciplines to re-
duce the risk of type I errors. For comparisons of energy
intake and TEE during different seasonal training
phases, paired t-tests were used. The separate analysis
of studies, where energy intake and TEE were assessed
in parallel, and longitudinal studies that reported en-
ergy intake during different training season phases,
were performed using the free software for meta-
analysis Review Manager 5 version 5.3.5 for Windows
(Cochrane Collaboration, Copenhagen, Denmark). The
results were then presented as means and 95% confi-
dence intervals (95% CI).
Results
Description of Studies and Assessment Methods
The flow chart for the study selection process is shown
in Fig. 2. Data were extracted from 82 studies in endur-
ance athletes, with 53 studies assessing body compos-
ition, 48 energy intake, and 14 TEE. The kappa value of
0.47 for the agreement between the two researchers who
assessed the eligibility of records was considered to re-
flect a “fair agreement”, whereas “excellent agreement”
(kappa value of 0.96) was obtained for the assessment of
the methodological quality of included studies [54].
The characteristics of the included studies for body
composition, energy intake, and TEE are shown in Table 2.
In Additional file 3: Table S3, an overview of excluded
studies and the reasons for their exclusion can be found.
The cumulative number of subjects included in the
analysis was 1674 (71.4% male). Runners (27.8%), cyclists
(18.7%), and swimmers (16.4%) comprised the largest
proportion of subjects. All athletes for whom an endur-
ance sports discipline was not described or for whom
multiple endurance disciplines were mentioned were
grouped into “other endurance athletes” (13.5%). On
average, the mean age, VO2max, and training volume of
study estimates were 26.3 ± 6.7 years, 61.8 ± 6.0 mL/
kg min, and 12.0 ± 6.9 h/week, respectively (Xw ± SDw).
A detailed overview of physical characteristics of in-
cluded study estimates is shown in Table 3.
Body composition was assessed by DXA in 32.1% of
studies, by bioelectrical impedance analysis (BIA) in
Table 1 Clustering of seasonal training phases for body composition, energy intake, and total energy expenditure
Preparation phase Competition phase Transition phase
Training/preparation/conditioning/peak training period
Beginning/early/middle/ end of training season
Beginning of season
Before/pre-season
High/low volume weeks
Before/during/after high intensity/exhaustive training
periods/training camps
Intensified/overloaded/heavy training
End of preparatory training phase
Habitual/basic/normal training phase
Non-competitive season
Before/during/after race/competition
Taper phase
Peak-season, in-season
Top of performance
Early/start/during/end of competitive season
Pre-competition
Mid/late season
Beginning of competition preparatory period
Detraining
Off-season
Post-season
After/between season
Recreation
Resting period
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25.6% of studies, and by hydrostatic weighing in 25.6%
of studies. In 71.7% of the studies, where body composition
was measured, no details of standardization were provided.
Ten studies (18.9%) reported some standardization details,
whereas only three studies (5.7%) reported satisfactory
details about their standardization. For determination
of energy intake, dietary records (95.1%) with a mean
observation time of 4.7 ± 4.1 days were most often utilized.
Dietary recall (3.3%) and food frequency questionnaires
(FFQs, 1.6%) played secondary roles in energy intake as-
sessments. Half of the studies (50.0%) used DLW for
determination of TEE. Other methods included heart
rate monitoring (33.3%) and accelerometers (16.7%).
The studies using heart rate monitoring for estimation
of TEE used individual derived linear relationships be-
tween heart rate and oxygen consumption (HR–VO2)
during different tasks to estimate the oxygen cost and
energy expenditure during the observation period. Two
third of the studies used the 24-h heart rate recordings
and the individual HR–VO2 relationship to estimate
TEE (gross calculation). Two studies calculated TEE by
summation of activity energy expenditure (based on in-
dividual HR–VO2 relationship) and resting metabolic
rate (RMR; net calculation).
Total Energy Expenditure and Energy Intake
In total, 14 studies where TEE was assessed during vari-
ous seasonal training phases were identified by the lit-
erature search. Since no study assessed TEE during the
transition phase, only data during the preparation phase
(N = 8) and the competition phase (N = 6) are shown. In
addition, due to limited data, no separations between the
sexes and endurance disciplines of TEE were performed.
Absolute and relative TEE were significantly higher
during the competition phase than during the prepar-
ation phase (9869 ± 4129 vs. 4345 ± 1062 kcal/day, and
98.9 ± 46.5 vs. 68.5 ± 11.4 kcal/kg·day, respectively, all
p < 0.001). Most of the studies assessing TEE during
the competitive phase were conducted during an
ultra-endurance competition (N = 5), such as during a
24-h team relay cycling race [60], during a 6-day cycling
stage race [61], or during a 4851-km team relay cycling
race [62]. The maximum TEE amounted to 13,862 kcal/
day and 156.0 kcal/kg·day, respectively, observed in male
ultra-endurance runners during a 24-h ultra-marathon
[63]. The absolute and relative TEE were significantly
higher than the energy intake in the preparation phase
(4345 ± 1062 vs. 2915 ± 761 kcal/day, and 68.5 ± 11.4 vs.
42.8 ± 10.5 kcal/kg·day, respectively, all p < 0.001) and
Systematic review protocol
Systematic database search
MEDLINE
N = 3,154
SPORTDiscus
N = 1,061
Total studies
N = 3,583 (+6 articles snowball)
Duplicates
N = 629
Full-text articles to be retrieved based 
on title and abstract
N = 321
Inclusion/exclusion of studies based on 
full-text article
Included studies
N = 82
- Body composition (N = 53)*
- Energy intake (N = 48)*
- Total energy expenditure (N = 14)*
Excluded studies
N = 226
- Inadequate assessment methods (N = 2)
- Seasonal training phase NR (N = 164)
- Age limit/ age NR (N = 11)
- No sex differentiation/ sex NR (N = 26)
- Multiple publications (N = 4)
- Data extraction not possible (N = 6)
- Inadequate study design (N = 1)
- Inadequate subjects (N = 1)
- No habitual 24h energy intake or TEE (N = 11)
Fig. 2 Flow chart for the present systematic review. NR = not reported. *Sum of studies not equal to total as multiple parameters were assessed
in certain studies. N = number of studies
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competition phase (9869 ± 4129 vs. 3156 ± 967 kcal/day,
and 98.9 ± 46.5 vs. 43.5 ± 11.3 kcal/kg·day, respectively, all
p < 0.001).
Absolute and relative energy intake was higher in
males compared to females in the preparation phase
(3111 ± 717 vs. 2291 ± 525 kcal/day, and 44.0 ± 10.6 vs.
39.0 ± 9.1 kcal/kg·day, respectively, all p < 0.001) and
competition phase (3405 ± 940 vs. 2337 ± 483 kcal/day,
and 44.8 ± 11.9 vs. 39.3 ± 7.9 kcal/kg·day, respectively, all
p < 0.001, Figs. 3 and 4).
In males, the absolute energy intake was higher during
the competition phase compared to the preparation
phase (p < 0.001), whereas relative energy intake was un-
changed (p = 0.553). In females, neither the absolute
(p = 0.735) nor relative (p = 0.951) energy intake was dif-
ferent between the two seasonal training phases.
Table 4 provides a detailed overview of the absolute
and relative energy intakes differentiated by sex, endur-
ance discipline, and seasonal training phase. Energy in-
take was significantly higher in male runners, swimmers,
Table 3 Physical characteristics of included study estimates
Endurance discipline (N) n Age [years] Height [cm] Body mass [kg] BMI [kg/m2] VO2max [mL/kg min] Train load [h/week]
b
Cyclists
Total (18) 313 30.9 ± 6.1 177 ± 5 75.4 ± 5.9 23.4 ± 1.6 62.4 ± 6.2 14.0 ± 8.5
Male (16) 276 31.8 ± 5.6 179 ± 3 74.4 ± 5.5 23.6 ± 1.6 65.0 ± 4.8 15.2 ± 9.6
Female (2) 37 24.2 ± 0.5 166 ± 1 61.2 ± 1.1 22.1 ± 0.6 55.8 ± 4.0 –
Runners
Total (23)a 465 30.3 ± 7.1 172 ± 5 64.1 ± 7.4 20.3 ± 1.3 61.7 ± 7.2 8.6 ± 4.2
Male (16) 330 31.4 ± 6.9 175 ± 3 67.9 ± 5.5 20.6 ± 1.4 64.3 ± 6.7 8.6 ± 4.3
Female (13) 135 27.4 ± 6.7 167 ± 3 55.6 ± 2.2 19.9 ± 1.0 57.3 ± 5.8 8.7 ± 4.0
Swimmers
Total (16)a 275 19.9 ± 1.5 176 ± 6 69.5 ± 5.9 22.4 ± 0.7 – 17.2 ± 10.3
Male (10) 141 20.3 ± 1.9 181 ± 3 74.3 ± 3.2 22.7 ± 0.7 – 13.4 ± 5.6
Female (10) 134 19.4 ± 0.4 170 ± 4 63.9 ± 2.5 22.0 ± 0.5 – 23.1 ± 12.8
Rowers
Total (14) 151 20.2 ± 1.0 180 ± 9 76.1 ± 10.3 23.5 ± 1.0 54.6 ± 8.5 7.2 ± 2.4
Male (9) 89 20.6 ± 1.0 188 ± 3 85.4 ± 5.0 24.0 ± 0.9 – 7.2 ± 2.4
Female (5) 62 19.6 ± 0.6 171 ± 2 66.3 ± 2.2 22.9 ± 0.7 – –
Cross-country skiers
Total (6)a 166 25.0 ± 4.3 175 ± 5 65.9 ± 4.5 21.5 ± 0.7 61.9 ± 4.3 11.5 ± 0.5
Male (5) 124 26.2 ± 4.2 177 ± 2 68.1 ± 1.4 21.7 ± 0.6 – 11.7 ± 0.4
Female (3) 42 21.3 ± 1.3 168 ± 2 59.2 ± 3.5 21.0 ± 0.8 – –
Triathletes
Total (4)a 78 25.1 ± 4.2 175 ± 3 66.2 ± 3.6 21.6 ± 0.7 65.3 ± 0.4 11.4 ± 2.0
Male (4) 68 25.8 ± 4.0 176 ± 0 67.5 ± 1.8 21.8 ± 0.5 65.3 ± 0.4 11.6 ± 2.1
Female (1) 10 – – – – – –
Other endurance athletes
Total (13)a 226 25.2 ± 4.0 176 ± 6 69.1 ± 6.7 22.5 ± 1.1 61.7 ± 4.7 10.5 ± 3.8
Male (12) 167 25.5 ± 4.0 178 ± 3 72.7 ± 3.4 22.9 ± 0.9 63.8 ± 3.8 11.2 ± 4.5
Female (4) 59 24.5 ± 3.7 168 ± 1 59.3 ± 1.8 21.3 ± 0.6 56.8 ± 2.3 9.1 ± 0.7
Total
Total (82)a 1674 26.3 ± 6.7 176 ± 6 68.7 ± 8.0 22.2 ± 1.5 61.8 ± 6.0 12.0 ± 6.9
Male (63) 1195 27.7 ± 6.8 179 ± 4 72.1 ± 6.5 22.6 ± 1.5 64.4 ± 4.8 11.6 ± 5.6
Female (34) 479 22.9 ± 5.1 169 ± 3 60.5 ± 4.5 21.4 ± 1.2 56.6 ± 4.6 12.8 ± 9.0
Note. Data are shown in weighted mean and standard deviation of the weighted mean (Xw̅ ± SDw)
N = number of studies, n = cumulative number of subjects, BMI body mass index, – = insufficient data
aSum of male and female studies not equal to total as in certain studies both sexes were assessed
bCalculated as the following: 1 h of training = 25 km cycling or 10 km running or 2 km swimming
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and rowers compared to their female counterparts dur-
ing both the preparation and competition phases (all
p < 0.01). In male and female runners, male endurance
athletes, and combined male and female rowers and
cross-country skiers, the energy intake was higher
during the competition phase compared to the prepar-
ation phase, whereas for male and female swimmers,
energy intake was higher during the preparation phase (all
p < 0.01). The energy intake of female runners and rowers
during the preparation phase was significantly lower
than that of all other endurance athletes (all p < 0.05). Rea-
sons for the lower energy intake in female rowers might be
that during preparation phase the athletes often reduce
their energy intake in order to reduce concomitantly their
body weight to start in the lightweight category. During
pre-season, body mass may reduce by as much as 8%
among lightweight rowers [64]. Runners, in general, profit
from a low body mass since greater economy of movement
and better thermoregulatory capacity from a favorable ratio
of weight to surface area and less insulation from subcuta-
neous fat tissue is reached [10].
A separate analysis of energy balance was performed
by including only studies where both energy intake and
expenditure were assessed in parallel. Male endurance
athletes showed a significant energy deficit of 304 kcal/
day (95% CI −549, −58, p = 0.02) during the prepar-
ation phase and 2177 kcal/day (95% CI −2772, −1582,
p < 0.0001) during the competition phase (Fig. 5). In female
endurance athletes, a negative energy balance was also
observed during the preparation phase (−1145 kcal/day,
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Fig. 4 Energy intake (EI) and total energy expenditure (TEE) in kcal/kg·day of endurance athletes. Data are shown in weighted mean and standard
deviation of the weighted mean (Xw̅ ± SDw). n = number of cumulative subjects. No data for TEE of females during competition phase available
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Fig. 3 Energy intake (EI) and total energy expenditure (TEE) in kcal/day of endurance athletes. Data are shown in weighted mean and standard
deviation of the weighted mean (Xw̅ ± SDw). n = number of cumulative subjects
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95% CI −1404, −887, p < 0.0001) and the competition phase
(−1252 kcal/day, 95% CI −1778, −727, p < 0.0001, Fig. 6).
The relative energy deficit was 6.6% of TEE during the prep-
aration phase and 18.9% during the competition phase in
males, and 29.0% of TEE during the preparation phase and
22.0% during the competition phase in females. When com-
paring energy intake during the preparation and competi-
tion phases by solely including studies where energy intake
Table 4 Energy intake in kcal/day and kcal/kg/day of endurance athletes in preparation and competition phase
Preparation Competition
Endurance discipline n Energy intake [kcal/day] Energy intake [kcal/kg·day] n Energy intake [kcal/day] Energy intake [kcal/kg·day]
Cyclists
Total 46 3789 ± 764d,e,f 52.3 ± 13.3d,e 133 3600 ± 1102d 46.9 ± 17.7d,f
Male 46 3789 ± 764d,e 52.3 ± 13.3d,e 125 3603 ± 1137 45.9 ± 18.0
Female – – – – – –
Runners
Total 278 2489 ± 425a 38.2 ± 7.8a 272 3042 ± 788 42.7 ± 4.7
Male 207 2640 ± 366a,b,f 38.3 ± 8.6a 203 3298 ± 713b 43.8 ± 3.2b
Female 71 2046 ± 230a 38.0 ± 4.6c 69 2291 ± 443 39.4 ± 6.4
Swimmers
Total 73 3366 ± 902a,d,e,g 48.7 ± 9.6a,d,e 55 2769 ± 681g,h 40.1 ± 7.7g
Male 39 3963 ± 762a,b 53.2 ± 9.5a,b,d,e 24 3462 ± 341b 46.2 ± 6.5b
Female 34 2683 ± 450a,d,e 43.6 ± 6.9a,e 31 2234 ± 256 35.4 ± 4.7
Rowers
Total 70 2426 ± 448a 33.9 ± 4.5a 15 3633 ± 1097 46.8 ± 10.9
Male 24 2921 ± 326b,f 36.0 ± 0.1b – – –
Female 46 2168 ± 330 32.8 ± 5.2c – – –
Cross-country skiers
Total 138 3224 ± 917a,d,e,g 48.3 ± 12.7a,d,e 33 2091 ± 53.2d,e,f,g 32.7 ± 2.9c
Male 124 3287 ± 876d,f,g 48.3 ± 11.6d,e – – –
Female 14 2663 ± 1107d,e 49.1 ± 20.3 – – –
Triathletes
Total 16 3162 ± 159d,e 45.7 ± 2.6e – – –
Male 16 3162 ± 159f,g 45.7 ± 2.6 – – –
Female – – – – – –
Other endurance athletes
Total 96 3261 ± 282a,d,e,g 46.5 ± 5.1a,d,e 14 4656 ± 1070 –
Male 90 3274 ± 286a,d,f,g 46.3 ± 5.2a,d,e,f 14 d,f,g,h –
Female – – – – 4656 ± 1070c
–
–
Total
Total 717 2915 ± 761a 42.8 ± 10.5 531 3156 ± 967 43.5 ± 11.3
Male 546 3111 ± 717a,b 44.0 ± 10.6b 407 3405 ± 940b 44.8 ± 11.9b
Female 171 2291 ± 525 39.0 ± 9.1 124 2337 ± 483 39.3 ± 7.9
Note. Data are shown in weighted mean and standard deviation of the weighted mean (Xw̅ ± SDw)
n = cumulative number of subjects, – = insufficient data
aSignificantly different from athletes of the same endurance discipline and sex during competition phase (p < 0.01)
bSignificantly different from females of the same endurance discipline and seasonal training phase (p < 0.01)
cSignificantly different from all other endurance disciplines of the same sex and seasonal training phase (p < 0.05)
dSignificantly different to runners of the same sex and seasonal training phase (p < 0.05)
eSignificantly different to rowers of the same sex and seasonal training phase (p < 0.05)
fSignificantly different to swimmers of the same sex and seasonal training phase (p < 0.05)
gSignificantly different to cyclists of the same sex and seasonal training phase (p < 0.05)
hSignificantly different to cross-country skiers of the same sex and seasonal training phase (p < 0.05)
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was assessed in both phases (N= 8), the energy intake was
higher during the competition phase, being significant in
males (+106 kcal/day, p= 0.03), but not in female endurance
athletes (+134 kcal/day, p= 0.20, Fig. 7).
In more than half (53.7%) of the female study popula-
tions, where TEE was assessed, the menstrual status was
not reported. 24.4% of the female study populations
were eumenorrheic, whereas in 22.0% menstrual irregu-
larities were reported. However, a separate statistical
analysis assessing seasonal training phase differences of
TEE between eumenorrheic and amenorrheic athletes
could not be performed, since the cumulative number of
subjects was too low in the single training phases.
Body Composition
For the total sample during the competition phase, both
body mass and FFM were significantly higher compared
to the preparation and transition phases (p < 0.05,
Table 5). For the percentage of fat mass, no differences
were detected between the seasonal training phases
(p > 0.05). Since the percentage of female data on
total data varies between the seasonal training phases,
we further split the data by sex. In males, the body
mass was lowest during the transition phase (p < 0.05)
and absolute and relative fat mass were highest dur-
ing the competition phase (all p < 0.05). FFM was
lowest during the transition phase (p < 0.001, Fig. 8).
For females, absolute and relative body fat were
higher during the preparation phase compared to
those during the transition phase (p < 0.01, Fig. 8).
Neither body mass nor FFM differences between sea-
sonal training phases were observed (all p > 0.05). When
separately analyzing the few studies where body mass and
composition were assessed during both the preparation
and competition phases (N = 5), male and female endur-
ance athletes showed a significantly lower percentage of
body fat and higher absolute FFM during the competition
phase compared to the preparation phase (18.2 ± 5.0% vs.
19.6 ± 5.0%, and 56.6 ± 8.7 kg vs. 54.0 ± 8.7 kg, re-
spectively, all p < 0.0001).
In more than one third (34.5%) of the female study
populations, where body composition was assessed, the
menstrual status was not reported. 39.7% of the female
study populations were eumenorrheic, whereas 16.4%
menstrual irregularities were reported. However, a separate
analysis between eumenorrheic and amenorrheic athletes
Study or subgroup
Energy intake (kcal/d) Total energy expenditure (kcal/d)
Weight
Mean difference
IV, Fixed, 95% CI
Mean difference
IV, Fixed, 95% CIMean SD Total Mean SD Total
1.1.1 Preparation phase
Sjodin et al. 1994 7,218 1,099 4 7,218 1,004 4 2.4% 0 [-1,459, 1,459]
Boulay et al. 1994 3,872 382 7 4,063 956 7 8.9% -191 [-954, 572]
Fudge et al. 2006 3,165 318 9 3,492 249 9 74.1% -327 [-591, -63]
Subtotal (95% CI) 20 20 85.4% -304 [-549, -58]
Heterogenity: Chi2 = 0.28, df= 2 (p = 0.87); I2 = 0%
Test for overall effect: Z = 2.42 (p = 0.02)
1.1.2 Competition phase
Bescós et al. 2012 5,549 2,127 8 10,253 1,625 8 1.5% -4,704 [-6,559, -2,849]
Costa et al. 2014 5,497 2,868 19 13,862 2,390 19 1.8% -8,365 [-10,044, -6,686]
Rehrer et al. 2010 6,525 908 4 6,549 478 4 5.1% -24 [-1,030, 982]
Hulton et al. 2010 4,918 810 4 6,420 470 4 6.1% -1,502 [-2,420, 584]
Subtotal (95% CI) 35 35 14.6% -2,177 [-2,772, -1,582]
Heterogenity: Chi2 = 79.02, df= 3 (p < 0.00001); I2 = 96%
Test for overall effect: Z = 7.17 (p < 0.00001)
Total (95% CI) 55 55 100% -577 [-804, -349]
Heterogenity: Chi2 = 111.80, df= 6 (p < 0.00001); I2 = 95%
Test for overall effect: Z = 4.97 (p < 0.00001)
Test for subgroup differences: Chi2 = 32.50, df= 1 (p < 0.00001); I2 = 96.9%
Favours negative EB                       Favours positive EB
-8,000 -4,000 ,0 4,000 8,000
Fig. 5 Energy balance (EB) of male endurance athletes during preparation and competition phase
Study or subgroup
Energy intake (kcal/d) Total energy expenditure (kcal/d)
Weight
Mean difference
IV, Fixed, 95% CI
Mean difference
IV, Fixed, 95% CIMean SD Total Mean SD Total
1.2.1 Preparation phase
Hill & Davies 2002 2,214 313 7 3,957 1,219 7 6.2% -1,743 [-2,675, -811]
Sjodin et al. 1994 4,350 454 4 4,374 526 4 11.6% -24 [-705, 657]
Trappe et al. 1997 3,131 239 5 5,593 502 5 22.6% -2,462 [-2,949, -1,975]
Schulz et al. 1992 2,193 466 9 2,826 312 9 40.1% -633 [-999, -267]
Subtotal (95% CI) 25 25 80.5% -1,145 [-1,404, -887]
Heterogenity: Chi2 = 47.55, df= 3 (p < 0.00001); I2 = 94%
Test for overall effect: Z = 8.68 (p < 0.00001)
1.2.2 Competition phase
Costa et al. 2014 3,107 1,195 6 10,755 1,912 6 1.7% -7,648 [-,9452, -5,844]
Winters et al. 1996 2,013 418 10 2,673 781 10 17.8% -660 [-1,209, -111]
Subtotal (95% CI) 16 16 19.5% -1,252 [-1,778, -727]
Heterogenity: Chi2 = 52.75, df= 1 (p < 0.00001); I2 = 98%
Test for overall effect: Z = 4.67 (p < 0.00001)
Total (95% CI) 41 41 100% -1,166 [-1,398, -934]
Heterogenity: Chi2 = 100.43, df= 5 (p < 0.00001); I2 = 95%
Test for overall effect: Z = 9.85 (p < 0.00001)
Test for subgroup differences: Chi2 = 0.13, df= 1 (p =0.72); I2 = 0%
Favours negative EB                         Favours positive EB
-8,000 -4,000 ,0 4,000 8,000
Fig. 6 Energy balance (EB) of female endurance athletes during preparation and competition phase
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could not be performed, since the cumulative number of
subjects during the different seasonal training phases was
too low.
Discussion
In this systematic review, we examined fluctuations in
TEE, energy intake, and/or body composition in endur-
ance athletes across the training season. We found that
some, but not all, of the investigated outcomes depended
on the time point of data assessment during seasonal
training. TEE was highest during the competition phase
and higher than energy intake in all seasonal training
phases. Alterations in TEE did not lead to adaptations of
energy intake in females, whereas in males, a higher
absolute energy intake during the competition phase was
observed. The finding that male endurance athletes
demonstrated the highest fat mass values during the
competition phase and the lowest FFM during the tran-
sition phase seems to be an anomaly from the pooling
of data.
Our systematic search initially yielded many studies
where TEE, energy intake, or body composition in
endurance athletes were investigated. Only a few (2%)
reported the time point of data collection with regard to
the training season and could thus be included in this
review. This is unfortunate since our analysis clearly
illustrates how training volume and related TEE vary im-
portantly with seasonal training phases. Specifically and
expectedly, both absolute and relative TEEs were signifi-
cantly higher during the competition phase compared to
the preparation phase. Interestingly, these differences
were only partly in agreement with alterations in energy
intake and/or body composition of endurance athletes.
During the transition phase, limited data for TEE and
energy intake of endurance athletes was available. Only
for body composition, it was possible to compare with
other seasonal training phases, although the number of
study estimates and therefore, explanatory power, was
weak. Future research on elite athletes should focus on
the effects of a sudden stop or reduction in TEE on body
composition (e.g., because of injury). There exist only a
few studies (with conflicting results) where this question
has been examined. Ormsbee and Arciero investigated
the effects of 5 weeks of detraining on body composition
and RMR in eight male and female swimmers [65]. RMR
decreased, whereas fat mass and body weight increased
with detraining. In contrast, LaForgia et al. showed that
after 3 weeks of detraining, no differences in RMR and
percentage of fat mass occurred in male endurance ath-
letes [38]. Unfortunately, energy intake was not reported
in either of these studies. Thus, it remains unclear when,
whether, and to what extent the body adapts (through
changes in energy intake and/or body composition) for
the decrease in TEE caused by detraining.
Our analysis highlights an important apparent negative
energy balance in endurance athletes, both in the prep-
aration and competition phases, when separately exam-
ining the energy balance in articles where both energy
intake and TEE were assessed (N = 11). Negative energy
balance was reported during the preparation phase in
male [66, 67] and female [67] cross-country skiers, male
[11] and female [68] runners, and female lightweight
rowers [69] and swimmers [70], and amounted to a
mean of 304 kcal/day (4.7% of TEE) for males and
1145 kcal/day (27.8%) for females. During the competi-
tion phase, a negative energy balance was reported in
male cyclists and triathletes [60], male [63] and female
[63, 71] runners, and male cyclists [61, 62], averaging
2177 kcal/day (32.5%) for male and 1252 kcal/day
(47.9%) for female endurance athletes. The most obvious
explanation for these energy deficits is likely the classical
issue of under-reporting energy intake through self-
Fig. 7 Forest plot for comparison of energy intake during preparation and competition phase in endurance athletes
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assessment in human studies. A review of nine studies
using DLW to validate self-reported energy intake in
athletes revealed that under-reporting can amount to
10–45% of TEE [34]. Since under-reporting increases in
magnitude as energy requirements increase [34], we
must assume that under-reporting in the present study
estimates was more important during the competition
phase. Even when 45% was added to the energy intake of
all athletes included in our review, there still remained a
negative energy balance of 118 kcal (2.7% of TEE) in the
preparation and 5293 kcal (53.6%) in the competition
phase. Another explanation for the negative energy
balance might be the low accuracy and precision of
methods used to estimate energy intake in athletes in
the articles included in our review. For example, mostly
dietary records with a mean observation time of 4.7 ±
4.1 days were used. According to Magkos and Yannakoulia,
for athletes, a 3–7-day diet-monitoring period would be
enough for reasonably accurate and precise estimations of
habitual energy and macronutrient consumption [34].
However, other methods like FFQs and dietary recalls were
also used for energy intake estimations. These
methods are both memory-dependent and show lower
accuracy and precision than prospective methods like
dietary records [72]. However, even when only articles
were considered where energy intake was assessed by
the use of dietary records, the error remained high
(2.5% of TEE during the preparation phase and 54.9%
during the competition phase). Finally, the high nega-
tive energy balance during the competition phase may
also be explained by the fact that, apart from one
study, all included studies investigated the TEE during the
days with actual competition and not during habitual
training days in the competition phase. Thus, it is likely
that the TEE during this phase was over-estimated. During
the preparation phase, a negative energy balance leading
to increased energy store utilization might be desirable by
coaches and athletes to reach a sport-specific body
composition, but during the competition phase, body
composition should not be modified anymore since it is
typically already at its optimum. There was one study in
which dietary intake was strictly controlled since the sub-
jects were in confinement. Brouns et al. simulated a Tour
de France race in a metabolic chamber and calculated the
daily energy balance from the energy expended and energy
intake as calculated from daily food and fluid consump-
tion [73]. They found a positive energy balance during
active rest days whereas during the exercise days, a signifi-
cant negative energy balance was observed. The authors
concluded that if prolonged intensive cycling increases
energy expenditure to levels above a certain threshold
(probably around 20 MJ or 4780 kcal), athletes are unable
to consume enough conventional food to provide
adequate energy to compensate for the increased energy
expenditure. The authors of a recent review address-
ing the criticisms regarding the value of self-reported
dietary intake data reasoned that these should not be
used as a measure of energy intake [74]. Our analysis
supports this statement since, for athletes, relative
energy deficits amounted up to 48% of TEE in female
athletes and 33% in male athletes during the competi-
tion phase. Thus, there is an urgent need for better
0
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Fig. 8 Fat-free mass and fat mass of endurance athletes during preparation, competition, and transition phase. Data are shown in weighted mean and
standard deviation of the weighted mean (X̅w ± SDw). n = number of cumulative subjects
Heydenreich et al. Sports Medicine - Open  (2017) 3:8 Page 19 of 24
methods of dietary intake quantification, such as diet-
ary biomarkers and automated image analysis of food
and drink consumption [74]. The classical concept of
energy balance, defined as dietary energy intake
minus TEE, has been criticized, since according to this
definition energy balance is the amount of dietary energy
added to or lost from the body’s energy stores after the
body’s physiological systems have done their work for the
day [75]. Thus, energy balance is an output from those
systems. In contrast, energy availability, defined as the
dietary energy intake minus the energy expended during
exercise, is an input to the body’s physiological systems,
since energy availability is the amount of dietary energy
remaining for all other metabolic processes [75]. Endur-
ance athletes, especially female athletes, show low energy
availability (<30 kcal/kg FFM/day) [76] and increased risk
for changes of the endocrine system affecting energy
and bone metabolism, as well as in the cardiovascular
and reproductive systems [77]. In healthy young adults,
energy balance = 0 kcal/day when energy availability =
45 kcal/kg FFM/day [75]. Since the results of the
present study indicate a high negative energy balance in
endurance athletes, we must assume that the athletes
also demonstrate low energy availability. However, due to
the limited data, it was not possible to account for other
clinical markers (e.g., bone mineral density), menstrual
status, or prevalence of eating disorders in the athletes.
We recommend that energy balance-related studies in en-
durance athletes should also assess and report clinical
markers, such as bone mineral density and menstrual sta-
tus, in order to assess the clinical consequences of the
mismatch of TEE and energy intake.
The aggregate analysis yielded a surprising finding. In
male endurance athletes, the absolute and relative fat
mass was highest during the competition phase. In con-
trast, during the transition phase, FFM was lowest,
which goes along with our expectations with a decrease
in exercise volume and intensity. For the female athletes,
we did not find these fluctuations in body composition,
except for a higher body fat content during the prepar-
ation phase compared to the transition phase. We be-
lieve that these findings are due to the paucity of data
and to the fact that the number and type of athletes var-
ied between seasonal training phases. Indeed, when sep-
arately analyzing the few studies where body mass and
composition were assessed during both the preparation
and competition phases (N = 5), both male and female en-
durance athletes showed a significantly lower percentage
of body fat and higher FFM during the competition phase.
Further studies with longitudinal assessments of body
composition are required to support these findings. How-
ever, in only 5.7% of the studies, where body composition
was assessed, satisfactory details about standardization
were provided. According to Nana et al., studies involving
DXA scans of body composition should report details of
the DXA machine and software, subject presentation and
positioning protocols, and analysis protocols [30]. It has
been shown that the use of a non-standardized protocol
increased the variability for total and fat-free soft tissue
mass compared to a standard protocol, which might in-
clude a loss in ability to detect an effect of an intervention
that might have relevance for sports performance [78].
The use of non-standardized protocols and the concomi-
tant higher variability might explain some of the unex-
pected findings of body composition changes in athletes
of the present study.
In male endurance athletes, absolute energy intake was
higher during the competition phase compared to the
preparation phase. The relative energy intake was not
different, which can be explained by the apparent signifi-
cant increase of body mass during the competition
phase, and is likely an artifact of the aggregation of data
from various studies. In female athletes, neither absolute
nor relative energy intake was different between seasonal
phases. When focusing on longitudinal studies that
assessed energy intake during different training seasons
in the same cohort, there was a tendency for male ath-
letes to show greater fluctuations in energy intake. In fe-
male cross-country skiers, the energy intake was higher
during the preparation phase [50], whereas in female run-
ners and swimmers, the energy intake was higher during
the competition phase [47]. However, summing up both
studies, no significant differences between training season
phases were found. In contrast, male endurance athletes
showed a significantly higher energy intake during the
competition phase, as seen in male runners [44], cross-
country skiers [50], swimmers [43], and triathletes [49].
Although some of the included studies showed greater en-
ergy intake in male endurance athletes during the prepar-
ation phase (cyclists [46, 48], swimmers [43]), the power
of these studies was too low to change the results. How-
ever, since energy intake varies in male endurance athletes
depending on the training season phase, it indeed seems
appropriate to adapt dietary recommendations according
to the different training season phases, as proposed by
Stellingwerff et al. [17, 18].
Strengths and Limitations
This is, to our knowledge, the first systematic review
focusing on fluctuations in TEE, energy intake, and body
composition in endurance athletes. To increase the ro-
bustness of the outcomes of our systematic review, we
excluded articles where body composition was estimated
by skinfold measurements and equations. The accuracy
of skinfold measurements depends on the number of
measurement sites and the formula used to calculate the
percentage of body fat [33]. Since there are many differ-
ent techniques [79], it is impossible to compare results
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accurately between studies. Furthermore, skinfold mea-
surements cannot be used to assess intra-abdominal adi-
pose tissue and are highly variable when assessors with
limited training and experience perform the measure-
ments [32]. Of course, since skinfolds are very often
used for body composition assessments, the exclusion of
these articles reduced the total number of articles meas-
uring body composition, which were included in the
present systematic review. The inclusion of articles with
skinfold body composition determination would have
led to a higher number of study estimates and compari-
sons of different seasonal training phases would have a
higher explanatory power. The same is true for estima-
tions of TEE. We included only articles measuring TEE
in a more objective way (such as DLW) and excluded
articles where TEE was assessed by questionnaires or
activity records. This led to the inclusion of a limited
number of high-quality studies.
Limitations of the present study relate to the limited
cumulative number of subjects, which provided a low
explanatory power, and the classification of the different
seasonal training phases. In the literature, several
similar-sounding terms have been used to describe time
points of data collection in athletes. However, assigning
the appropriate classification into one of the three sea-
sonal training phases is essential and has a great impact
on the final analysis. Furthermore, if articles reported
several time points of data collection within one sea-
sonal training phase, we included only the first time
point into the analysis in order to assure standardization
and avoid selection bias. The exclusion of other time
points might have led to the loss of interesting data.
Conclusions
Our analysis highlights the important seasonal fluctua-
tions in TEE, energy intake, and body composition in
male and female endurance athletes across the training
season. Therefore, dietary intake recommendations
should take into consideration other factors including
the actual training load, TEE, and body composition
goals of the athlete. The present review supports the
statement of the current position stand of the American
College of Sports Medicine (ACSM) that energy and
nutrient requirements are not static and that periodized
dietary recommendations should be developed [9].
Importantly, our analysis again shows the uselessness of
self-reported dietary intake, a well-known limitation to
energy balance studies, in endurance athletes. The im-
portant underreporting suggested by our analysis again
raises the question of whether self-reported energy in-
take data should be used for the determination of energy
intake and illustrates the need for more valid and applic-
able energy intake assessment methods in free-living
humans [74]. Since we observed a lack of data during
the transition phase, future research should focus on the
assessment of TEE, energy intake, and body composition
on a reduction in training intensity and volume, such as
at the end of the competitive season. In addition, future
studies dealing with energy balance and nutrient intake in
elite endurance athletes should always mention the time
point of data assessments (e.g., seasonal training phase).
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Abstract: Micronutrient requirements do not scale linearly with physical activity-related energy
expenditure (AEE). Inactive persons may have insufficient micronutrient intake because of low
energy intake (EI). We extracted data from NHANES 2003–2006 on 4015 adults (53 ± 18 years
(mean ± SD), 29 ± 6 kg/m2, 48% women) with valid physical activity (accelerometry) and food
intake (2 × 24 h-dietary recall) measures. Total energy expenditure (TEE) was estimated by summing
the basal metabolic rate (BMR, Harris-Benedict), AEE, and 10% of TEE for the thermic effect of
food, to calculate the physical activity levels (PAL = TEE/BMR). Energy intake (EI) was scaled
to match TEE assuming energy balance. Adjusted food intake was then analyzed for energy and
micronutrient content and compared to estimated average requirements. The NHANES population
was physically insufficiently active. There were 2440 inactive (PAL < 1.4), 1469 lightly to moderately
active (PAL1.4 < 1.7), 94 sufficiently active (PAL1.7 < 2.0), and 12 very active participants (PAL ≥ 2.0).
The inactive vs. active had significantly lower intake for all micronutrients apart from vitamin A, B12,
C, K, and copper (p < 0.05). The inactive participants had insufficient intake for 6/19 micronutrients,
while the active participants had insufficient intake for 5/19 (p < 0.05) micronutrients. Multiple linear
regression indicated a lower risk for insufficient micronutrient intake for participants with higher
PAL and BMI (p < 0.001). Symmetrical up-scaling of PAL and EI to recommended physical activity
levels reduced the frequency of micronutrient insufficiencies. It follows that prevalence of insufficient
micronutrient intake from food in NHANES might be partly determined by low energy turnover
from insufficient PAL.
Keywords: total energy expenditure; physical activity level; micronutrients; adults; energy turnover;
energy intake; minerals; vitamins
1. Introduction
Micronutrients are essential nutrients, required in small quantities for numerous physiological
functions [1,2]. They include trace minerals, such as iron, chromium, cobalt, copper, iodine, magnesium,
manganese, molybdenum, selenium, and zinc, and also vitamins, which are organic compounds that
the organism cannot produce by itself. Micronutrients are essential for health [1,3–5], but sub-optimal
intake of certain minerals and vitamins is common [5,6]. Micronutrient deficiency can impair cognitive
and physical capacities, jeopardize the immune system, and compromise health, in general [1,3,4,7].
Previous studies investigated the adequacy of diet and micronutrient intake recommendations
(RDA: recommended daily allowance) [1–8]. An analysis of 70 diets of athletes and non-athletes
revealed non-compliance with regard to many compounds [5]. In a European census, several
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micronutrient-deficient risk groups were identified, including the elderly, pregnant women, vegans,
people on a weight reduction diet, and some groups of athletes [3]. In addition, hospitalized and
institutionalized people, patients with a chronic inflammatory disorder, participants with chronic
administration of certain drugs, and specific clinically-defined patient groups are also considered to be
at risk [3]. Although more than two-thirds of the US population is overweight or obese, micronutrient
intakes are often found to be below the RDA [9]. Physical activity levels and associated daily energy
turnover are recognized to influence micronutrient intake [8]. Csizmadi et al. found that participants
with higher physical activity levels have a higher micronutrient intake. They hypothesized that the
benefits of higher PALs may extend beyond the usual benefits attributed to physical activity to include
having a more favorable impact on adequate nutrient intake [10].
Analyzing the National Health and Nutrition Examination Survey (NHANES) data, Kimmons
et al. [6] reported that overweight and obese participants had lower micronutrient intake in comparison
with normal weight participants. Since obesity is associated with low physical activity-related
energy expenditure [11], this finding raises the question of whether increased energy expenditure,
in conjunction with increased energy intake, would improve compliance with micronutrient intake
recommendations. Physical activity bouts can, depending on fitness level, increase energy expenditure
up to >20 times the basal metabolic rate (BMR) [12]. Regular physical activity is, therefore, accompanied
by increased total energy expenditure and, in order to achieve energy balance, with increased dietary
intake [1,13–15]. According to Melzer et al. [16], over longer periods, energy intake normally follows
moderate to vigorous physical activity energy requirements for activities cumulatively lasting two or
more hours per day.
Contrary to the energy requirements, the micronutrient requirements of inactive and physically
active persons are quite similar [14]. For athletes, who typically have high energy expenditure and
intake, even though there may be an increased need for some compounds, there is generally no need
for supplementation [14,17]. This is essentially due to greater overall dietary intake, to cover the
increased physical activity-related energy expenditure, coupled with an often enhanced food quality
observed in more active participants [18–20].
In this study, we explored the extent to which physical activity levels of a sample of the US
adult population are associated with compliance with dietary intake recommendations for minerals
and vitamins. We also explored by how much of an increase in physical activity levels, up to levels
recommended for health, combined with a corresponding linear up-scaling of dietary intake without
altering dietary composition, would improve compliance with recommended micronutrient intake.
2. Materials and Methods
We extracted data from NHANES, a continuing population-based survey conducted by the
Centers for Disease Control and Prevention, that uses a complex, stratified, multi-stage probability
sample design in order to create a representative sample of the civilian, non-institutionalized U.S.
population [21,22]. The National Center for Health Statistics ethics review board approved the
protocols, and written informed consent was obtained from all NHANES participants. Anonymous
data are freely available for analysis on the NHANES repository [23]. For our study, we needed
quantification of energy and micronutrient intakes and an objective measurement of physical activity.
Two data collection periods satisfied these conditions and were used for the analysis: NHANES
2003–2004 and NHANES 2005–2006.
2.1. Analytical Sample
We combined NHANES 2003–2004 and NHANES 2005–2006 data files to obtain a first sample with
20,470 participants. Of this sample, 10,081 participants were asked to wear an accelerometer, and 7139
provided valid measures of physical activity by use of accelerometry. We then excluded participants
younger than 21 years (n = 2778, to exclude any late growth), pregnant women (n = 180) [24,25],
participants without anthropometrical measurements (n = 25), and participants without dietary recall
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(n = 129). According to Westerterp [26], in free-living humans, the physical activity level (PAL) ranges
between 1.1 and 2.5. Technical artifacts from accelerometry can lead to erroneously extreme PALs.
To minimize the errors, we excluded 12 participants with a PAL lower than 1.1 and greater than 2.5
from the sample. Thus, the analytical sample contained 4015 participants (53 ± 18 years (mean ± SD),
81 ± 20 kg, 29 ± 6 kg/m2), of which 1945 (48%) were women. The datasets analyzed during the
current study are available from the corresponding author on reasonable request.
2.2. Dietary Intake
The nutritional assessment component of NHANES included two 24 h dietary recalls. The first
was conducted in person by trained dieticians in a mobile examination center using a standard set
of measuring guides to help the respondent report the volume and dimensions of the food items
consumed. Upon completion of the in-person interview, participants were given measuring cups,
spoons, a ruler, and a food model booklet to use for reporting food amounts for a second 24 h
recall through telephone interview. The telephone interviews were collected 3–10 days following the
in-person interview, on a different day of the week. Dietary macro and micronutrient compositions and
quantities were calculated with standard food tables (USDA Food and Nutrient Database for Dietary
Studies, 2.0). The processed data (in SAS format) were downloaded from the NHANES website [23].
The average energy and nutrient intake over the two days for each participant was used for the present
analysis. The NHANES sodium intake included all sources of salt, including that from table salt.
2.3. Energy Expenditure
Activity energy expenditure was measured with an accelerometer (Actigraph AM-7167, Pensacola,
FL, USA) in a one-minute epoch setting. The device was carried on the right hip attached to an elastic
band. Participants were asked to carry the device for seven days, to keep the device dry (i.e., remove it
before swimming or bathing), and to remove the device at bedtime. Data collection occurred between
the first and during and/or after the second 24 h dietary intake recalls. We downloaded the raw
accelerometer count data (in SAS format) from the NHANES website and used the SAS programs
published by the National Cancer Institute to reduce the data [27]. Energy expenditure from physical
activity was then estimated with the Williams transformation [28]:
Kcals = CPM × 0.0000191 × BM (1)
where Kcals = total calories for a single epoch, CPM = counts per minute, and BM = body mass (kg).
The mean wearing time of the accelerometers was 14.3 ± 1.8 h per day (range: 10–23 h per day).
BMR was calculated using the Harris-Benedict equation [29]. We estimated total energy
expenditure (TEE) by summing BMR and daily physical activity energy expenditure estimated
from the accelerometer data, adding a further 10% to account for the thermic effect of food [30].
We then calculated physical activity level (PAL = TEE/BMR). The data were analyzed separating the
participants into groups according to their PAL: inactive (PAL < 1.4), moderately active (PAL 1.4 ≤ 1.7).
and active participants (PAL > 1.7). The chosen classification was adapted from the established
classification provided by the World Health Organization (WHO) [31].
2.4. Micronutrients
We considered 19 micronutrients: 10 vitamins (A, B1, B2, B3, B6, B9, B12, C, E, and K) and nine
minerals (calcium, phosphorus, magnesium, iron, zinc, copper, sodium, potassium, and selenium).
Daily intakes were compared to the dietary reference intakes provided by the Food and Nutrition
Board of the Institute of Medicine in the USA [32–36]. The individual intake was compared to the
estimated average requirement (EAR) for most of the micronutrients. For those micronutrients where
no EAR is established (vitamin K, potassium, and sodium) the individual intake was compared to the
adequate intake (AI). Individual micronutrient intake was also compared to the tolerable upper intake
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levels (UL). Fortification of certain foods with vitamins B12 and E was included in the total vitamin
intake. Any supplements were not taken into account in order to only describe micronutrient intake
from food sources.
2.5. Data Analysis
In a first step, we analyzed original dietary intake data and compared it to US dietary intake
recommendations. Since we found that the reported energy intakes did not, on average, cover the
estimated energy expenditures, we corrected for the estimated energy deficits, assuming energy
balance and under-reporting by NHANES participants, as suggested by Archer et al. [37]. Energy
balance was expressed as energy intake (kcal/day) minus TEE (kcal/day) and as the quotient between
energy intake and BMR. We linearly increased (or decreased) nutrient intake data so that energy intake
matched TEE, without changing diet composition. The corrected values were then compared to the
dietary intake recommendations again. Finally, we increased all individual PALs that were <2.0, up to
a PAL of 2.0. In parallel, we linearly increased dietary intake, without changing diet composition,
to quantify the resulting changes in micronutrient intake and compliance with recommendations for
daily micronutrient intake. For those participants, where the initial PAL was ≥2.0 (n = 12) the dietary
intake was decreased in order that energy intake matched energy expenditure with a PAL of 2.0.
Lastly, assuming a fixed energy cost of 0.93 kcal/kg per km for level brisk walking, we transformed
the necessary increase in individual energy expenditure to bring PAL up to 2.0 into an increased daily
walking distance, since walking is the principal means for increasing physical activity in inactive
people [38].
2.6. Statistical Analysis
Accelerometer data was transformed using SAS version 9.3 (SAS Institute, Cary, NC, USA)
using the code developed by the National Cancer Institute [27]. All further data analysis was
performed using SPSS Statistics version 23.0 (IBM Corporation, Armonk, NY, USA). Normality was
checked using the Kolmogorov-Smirnov-test. Not all data were normally distributed and their
analysis was performed with non-parametric tests. Mann-Whitney U-tests were used to perform
sex comparisons, and Kruskal-Wallis tests were used to assess differences between PAL groups.
Spearman-Rho correlations were performed to assess the relationships between various variables.
We used multiple linear regression analysis with the forced entry method in order to quantify the
relationship between chosen independent (number of insufficient vitamin, mineral, and micronutrient
intake) and dependent variables (age, sex, PAL, and BMI). The alpha level cut-off was set at 0.05.
3. Results
3.1. Characteristics of the Participants
The participants’ characteristics are described per sex (Table 1) and per PAL (Table 2). The weight,
height, and BMI of males were significantly higher compared to females (p < 0.01).
Table 1. Characteristics of included participants differentiated by sex.
Participants n Age (Years) Weight (kg) Height (cm) BMI (kg/m2)
Males 2070 52.5 ± 17.9 86.5 ± 18.7 a 175 ± 8 a 28.3 ± 5.3
Females 1945 52.8 ± 17.5 74.8 ± 19.0 161 ± 7 28.9 ± 6.9
Total 4015 52.7 ± 17.7 80.8 ± 19.7 168 ± 10 28.6 ± 6.1
Data are shown as mean ± SD. BMI = body mass index; a significantly different to females (p < 0.001).
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The adult NHANES population is on average insufficiently physically active. There were
2440 (very) inactive (PAL < 1.4; 52.7% females), 1469 lightly to moderately active (PAL 1.4 - < 1.7;
43.3% females), 94 sufficiently active participants (PAL 1.7 - < 2.0; 20.2% females), and 12 very active
(PAL ≥ 2.0; 25.0% females). Inactive participants were significantly older than moderately active
and active participants (p < 0.05). There was a significant negative correlation between age and PAL
(r = −0.44, p < 0.0001).
Table 2. Characteristics of included participants differentiated by physical activity level (PAL).
PAL n Age (Years) Weight (kg) Height (cm) BMI (kg/m2)
<1.4 2440 57.2 ± 18.3 a 79.4 ± 20.0 b 167 ± 10 a 28.4 ± 6.2 b
1.4- <1.7 1469 45.9 ± 14.2 83.1 ± 19.0 169 ± 10 28.4 ± 5.1
≥1.7 106 42.5 ± 13.9 82.1 ± 19.1 170 ± 9 28.9 ± 6.1
Data are shown as mean ± SD. BMI = body mass index; a significantly different to PAL groups 1.4 ≤ 1.7 and ≥ 1.7
(p < 0.05); b significantly different to PAL group 1.4 ≤ 1.7 (p < 0.01).
3.2. Energy Balance
Sufficiently and very active participants (PAL ≥ 1.7) showed a greater absolute and relative
negative energy balance compared to inactive and lightly to moderately active participants (p < 0.05;
Table 3). There was a significant negative correlation between PAL and absolute and relative energy
balance (r = −0.15 and r = −0.12, respectively; all p < 0.0001). The ratio of energy intake and BMR
was higher in sufficiently and very active participants compared to inactive and lightly to moderately
active participants (p < 0.05).
Table 3. Energy balance in kcal/day and percentage of total energy expenditure (TEE) differentiated
by physical activity level (PAL).
PAL n
Energy Intake
(kcal/Day)
Energy Balance
EI/BMR
kcal/Day % of TEE
<1.4 2440 1942 ± 731 a −78 ± 690 a −2.5 ± 33.8 a 1.26 ± 0.44 a
1.4- <1.7 1469 2286 ± 904 −216 ± 847 −8.0 ± 33.2 1.37 ± 0.50
≥1.7 106 2589 ± 1003 b −574 ± 1041 b −16.9 ± 31.6 b 1.52 ± 0.58 b
Data are shown as mean ± SD. Energy balance was calculated as energy intake (EI; kcal/day)–TEE (kcal/day).
Basal metabolic rate (BMR) was calculated by use of Harris-Benedict equation [27]. a significantly different to PAL
groups 1.4 ≤ 1.7 and ≥ 1.7 (p < 0.0001); b significantly different to PAL group 1.4 ≤ 1.7 (p < 0.05).
Obese participants (BMI ≥ 30) showed a higher absolute and relative negative energy balance
and a lower ratio of energy intake and lower BMR compared to all other BMI subgroups (p < 0.0001;
Table 4). There was a significant negative correlation between BMI and absolute and relative energy
balance (r = −0.37 and r = −0.35, respectively; all p < 0.0001). In addition, a significant negative
correlation between BMI and the ratio of energy intake and BMR was observed (r = −0.34, p < 0.0001).
Those participants whose baseline micronutrient intakes were compliant with the
recommendations, defined as having micronutrient intakes above the EAR or AI (n = 130), having
a significantly higher ratio of energy intake and BMR than those participants with at least one
micronutrient intake not meeting the requirements (1.9 ± 0.6 vs. 1.3 ± 0.5, p < 0.0001).
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Table 4. Energy balance in kcal/day and percentage of total energy expenditure (TEE) differentiated
by Body Mass Index (BMI).
BMI (kg/m2) n
Energy Balance
EI/BMR
kcal/Day % of TEE
<18.5 55 529 ± 816 a 31.9 ± 46.9 a 1.74 ± 0.63 a
18.5- <25 1144 175 ± 712 b 9.4 ± 35.6 b 1.49 ± 0.49 b
25- <30 1462 −136 ± 693 c −6.0 ± 30.1 c 1.30 ± 0.43
≥ 30 1354 −443 ± 762 −17.2 ± 29.2 1.14 ± 0.41
Data are shown as mean ± SD. Energy balance was calculated as energy intake (EI; kcal/day)–TEE (kcal/day).
Basal metabolic rate (BMR) was calculated by use of the Harris-Benedict equation [29]. BMI was classified according
to standard WHO classification [39]. a Significantly different to all other BMI groups (p < 0.05); b significantly
different to BMI groups 25 - < 30 and ≥ 30 (p < 0.01); c significantly different to BMI group ≥ 30 (p < 0.01).
A linear up-scaling in energy intake to cover a theoretical increase in PAL to 2.0 for all participants
with a PAL < 2.0 would require an increase of an additional 13.4 ± 3.1 km (range: 0.1–23.9 km) of daily
brisk walking, on average.
3.3. Micronutrient Intake
Female participants had a significantly lower intake of all micronutrients, apart from vitamin K,
compared to male participants (p < 0.01, Table 5). Male participants had also a lower total number of
insufficient micronutrient intakes compared to female participants (5.2 ± 3.2 micronutrients (3.5 ± 2.1
vitamins and 1.6± 1.5 minerals) vs. 5.9± 3.9 micronutrients (3.9± 2.4 vitamins and 2.0± 1.8 minerals);
p < 0.001).
Inactive participants had a lower intake of all micronutrients compared to lightly to moderately
active participants, with significant differences for all micronutrients apart from vitamin A and
vitamin K (all p < 0.05; Table 6). Furthermore, inactive participants had a lower intake of all
micronutrients compared to sufficiently and very active participants, with significant differences
for all micronutrients, apart from vitamins A, B12, C, K, and copper (all p < 0.05). Sufficiently and very
active participants showed a lower total number of insufficient micronutrient intakes compared to
inactive participants (4.9 ± 3.6 micronutrients (3.4 ± 2.2 vitamins and 1.5 ± 1.6 minerals) vs. 5.8 ± 3.6
micronutrients (3.9 ± 2.3 vitamins and 2.0 ± 1.6 minerals); p < 0.05).
When nutrient intake was adapted so that energy intake matched estimated total energy
expenditure, inactive participants had a lower intake of all micronutrients compared to moderately
active participants, with significant differences for all micronutrients apart from vitamin K (all p < 0.01),
and lower intake compared to active participants, with significant differences for all micronutrients
apart from vitamins K and B12 (all p < 0.01). Inactive participants had less insufficient micronutrient
intakes compared to moderately active and active participants (4.9 ± 2.6 micronutrients (3.4 ± 1.8
vitamins and 1.5± 1.2 minerals) vs. 3.7± 2.2 micronutrients (2.8± 1.6 vitamins and 0.9± 1.0 minerals)
and 3.1 ± 1.9 micronutrients (2.5 ± 1.4 vitamins and 0.6 ± 0.9 minerals); p < 0.05). Male participants
had less insufficient micronutrient intakes compared to female participants (4.3 ± 2.4 micronutrients
(3.1± 1.6 vitamins and 1.2± 1.1 minerals) vs. 4.6± 2.7 micronutrients (3.2± 1.9 vitamins and 1.3 ± 1.2
minerals); p < 0.001).
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Table 5. Micronutrient intake (original data without dietary supplement intake) of included participants
differentiated by sex.
Males (n = 2070) Females (n = 1945)
Intake DRI * Intake DRI *
Vitamins
Vitamin A
[µg/day] 677 ± 660 a 625 584 ± 454 500
[µg/MJ] 71.6 ± 78.4 a 83.2 ± 66.8
Vitamin B1
[mg/day] 1.9 ± 0.9 a 1.0 1.9 ± 0.8 0.9
[mg/MJ] 0.19 ± 0.07 a 0.20 ± 0.07
Vitamin B2
[mg/day] 2.5 ± 1.2 a 1.1 1.9 ± 0.8 0.9
[mg/MJ] 0.26 ± 0.10 a 0.26 ± 0.10
Vitamin B3
[mg/day] 28.2 ± 12.9 a 12 20.1 ± 8.4 11
[mg/MJ] 2.9 ± 1.0 2.8 ± 1.0
Vitamin B6
[mg/day] 2.2 ± 1.1 a 1.1 1.7 ± 0.8 1.1
[mg/MJ] 0.23 ± 0.10 0.24 ± 0.11
Vitamin B9
[µg/day] 446 ± 222 a 320 354 ± 173 320
[µg/MJ] 45.8 ± 18.5 a 49.8 ± 22.0
Vitamin B12
[µg/day] 6.4 ± 7.5 a 2.0 4.5 ± 4.2 2.0
[µg/MJ] 0.66 ± 0.84 0.63 ± 0.59
Vitamin C
[mg/day] 96.5 ± 83.5 a 75 86.9 ± 72.6 60
[mg/MJ] 10.1 ± 8.7 a 12.5 ± 11.1
Vitamin E
[mg/day] 7.6 ± 4.4 a 12 6.3 ± 3.9 12
[mg/MJ] 0.77 ± 0.35 a 0.87 ± 0.49
Vitamin K
[µg/day] 105 ± 141 120 99 ± 121 90
[µg/MJ] 11.2 ± 16.8 a 14.5 ± 21.7
Minerals
Calcium
[mg/day] 948 ± 509 a 800 789 ± 398 800
[mg/MJ] 96.2 ± 40.1 a 110 ± 48
Phosphorus [mg/day] 1473 ± 586
a 580 1112 ± 419 580
[mg/MJ] 149 ± 34 a 154 ± 37
Magnesium [mg/day] 321 ± 131
a 350 254 ± 105 265
[mg/MJ] 33.0 ± 9.9 a 35.7 ± 11.7
Iron
[mg/day] 18.0 ± 8.5 a 6.0 13.7 ± 6.3 8.1
[mg/MJ] 1.9 ± 0.7 a 1.9 ± 0.8
Zinc
[mg/day] 13.9 ± 9.0 a 9.4 10.0 ± 5.3 6.8
[mg/MJ] 1.4 ± 0.9 1.4 ±0.7
Copper [mg/day] 1.5 ± 1.1
a 0.7 1.2± 0.7 0.7
[mg/MJ] 0.15 ± 0.13 a 0.16 ± 0.09
Potassium
[mg/day] 2990 ± 1152 a 4700 2365 ± 878 4700
[mg/MJ] 309 ± 92 a 334 ± 105
Selenium
[µg/day] 124 ± 55 a 45 92 ± 40 45
[µg/MJ] 12.6 ± 3.8 12.8 ±4.1
Sodium
[mg/day] 3781 ± 1644 a 1500 2825 ± 1101 1500
[mg/MJ] 382 ± 113 a 392 ± 104
DRI = dietary reference intake. Data are shown as mean ± SD. * For all micronutrients, apart from vitamin K,
potassium, and sodium the estimated average requirement (EAR) for the age group 31–50 years is displayed.
For vitamin K, potassium, and sodium the average intake is shown. a significantly different from females (p < 0.01).
Table 6. Micronutrient intake (original data without dietary supplement intake) of included participants
differentiated by PAL.
Micronutrient Intake
PAL
<1.4 (n = 2440) 1.4≤ 1.7 (n = 1469) ≥1.7 (n = 106)
Vitamins
Vitamin A [µg/day] 625 ± 516 644 ± 658 636 ± 503
Vitamin B1 [mg/day] 1.6 ± 0.7 a 1.8 ± 0.9 1.9 ± 0.8 b
Vitamin B2 [mg/day] 2.1 ± 1.0 a 2.3 ± 1.1 2.4 ± 1.1
Vitamin B3 [mg/day] 22.9 ± 11.1 a 26.5 ± 12.2 27.6 ± 11.4
Vitamin B6 [mg/day] 1.9 ± 1.0 a 2.1 ± 1.1 2.2 ± 1.1
Vitamin B9 [µg/day] 385 ± 197 a 424 ± 215 459 ± 219
Vitamin B12 [µg/day] 5.3 ± 5.9 b 5.8 ± 6.8 5.7 ± 3.9
Vitamin C [mg/day] 88 ± 74 b 97 ± 84 107 ± 97
Vitamin E [mg/day] 6.6 ± 4.0 a 7.5 ± 4.5 7.8 ± 4.7
Vitamin K [µg/day] 100 ± 124 104 ± 135 121 ± 220
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Table 6. Cont.
Micronutrient Intake
PAL
<1.4 (n = 2440) 1.4≤ 1.7 (n = 1469) ≥1.7 (n = 106)
Minerals
Calcium [mg/day] 824 ± 431 a 942 ± 502 968 ± 555
Phosphorus [mg/day] 1219 ± 496 a 1412 ± 578 1543 ± 703
Magnesium [mg/day] 273 ± 115 a 310 ± 129 344 ± 163
Iron [mg/day] 15.3 ± 7.3 a 16.9 ± 8.4 17.3 ± 8.5
Zinc [mg/day] 11.5 ± 8.3 a 12.8 ± 6.6 13.4 ± 6.5
Copper [mg/day] 1.3 ± 0.8 a 1.5 ± 1.2 1.5 ± 0.7
Potassium [mg/day] 2580 ± 994 a 2831 ± 1146 3167 ± 1433
Selenium [µg/day] 103 ± 47 a 117 ± 54 133 ± 63 b
Sodium [mg/day] 3141 ± 1377 a 3578 ± 1598 3766 ± 1670
Data are shown as mean ± SD. PAL = physical activity level. a significantly different from PAL groups 1.4 ≤ 1.7 and
≥ 1.7 (p < 0.05); b significantly different from PAL group 1.4 ≤ 1.7 (p < 0.05).
In Figure 1, the vitamin and mineral intake in percentage of the dietary reference intake
is displayed. The mean intakes of vitamin E (58.3%), vitamin K (98.2%), magnesium (93.9%),
and potassium (57.2%) were below the recommendations. When data were adjusted to reach energy
balance, the mean intake of vitamin E (62.7%) and potassium (62.6%) were still below recommendations.
When data were adjusted to a PAL of 2.0, intakes were still below recommendations for vitamin E
(84.5%) and potassium (83.0%).
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Figure 1. Vitamin and mineral intake in percentage of dietary reference intake (adequate intake for
vitamin K, potassium, and sodium; estimated average requirement for the remaining micronutrients)
for original data (black bars), data adjusted for energy balance (EB, white bars), and data adjusted for
physical activity level (PAL) of 2.0 (shaded bars). The solid line represents 100% of the dietary reference
intake. Data are shown as mean ± SD.
For some micronutrients intake greatly exceeded recommendations. For the EB-adjusted dataset,
mean intake of sodium was 3606 ± 1375 mg/day (262% of AI), while it reached 5205 ± 1884 mg/day
(350%) after the adjustment to a PAL of 2.0. More than 80% of participants (85.6%, n = 3436) had an
intake above the UL in the EB-adjusted dataset, whereas when the data was adjusted to a PAL of 2.0
the intake was above UL for 93% of participants (n = 3715). For vitamin B3, 17% of the participants
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(n = 697) had an intake above UL (EB-adjusted dataset), and when data were adjusted to a PAL of 2.0
intake was above UL for 42% of the participants (n = 1704).
For vitamin E, vitamin K, magnesium, and potassium only 10.2%, 27.4%, 36.5%, and 4.8% of
participants had sufficient intake, respectively (Figure 2). When original data was adjusted to a PAL of
2.0, intake of vitamin E, vitamin K, magnesium, and potassium was sufficient in 27.0%, 44.2%, 74.4%,
and 26.3% of participants, respectively. There was no sex difference in the average sum of insufficient
micronutrient intakes (p = 0.76).
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When energy and nutrient intake was adjusted so that energy intake matched total energy
expenditure, the sum of insufficient vitamin intakes was significantly associated with age (β = –0.04,
p = 0.03), BMI (β =−0.22, p < 0.001), and PAL (β =−0.21, p < 0.001), but not with sex (β = 0.01, p = 0.47).
The adjusted R2 for the model was 0.09. The sum of insufficient vitamin intakes was lowest in older
participants with a higher BMI and a higher PAL. In addition, the sum of insufficient mineral intakes
was significantly associated with sex (β = 0.04, p < 0.05), age (β = 0.14, p < 0.001), BMI (β = −0.27,
p < 0.001), and PAL (β = −0.26, p < 0.001), with an adjusted R2 for the model of 0.20; and was lowest in
younger, male participants with a higher BMI and a higher PAL.
4. Discussion
The main findings of this study are (1) NHANES nutritional intake data underestimate actual
intake and need to be adjusted before interpretation; (2) NHANES participants with higher physical
activity levels were more in line with recommendations for mineral and vitamin intake compared to
insufficiently active participants; and (3) modeling an increase in physical activity to higher levels,
together with a linear up-scaling of food intake with the same dietary composition, to compensate
for the increased energy expenditure, increased compliance with recommendations for micronutrient
intake. These findings underline how levels of physical activity, through the effect on energy
intake, impact on the intake of non-energy constituents for a given diet composition. The lack
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of physical activity comes with an increased risk of mineral and vitamin deficiencies, as hypothesized.
Our modelling would further suggest that increasing physical activity levels might be protective.
There was a negative correlation between PAL and the number of insufficient micronutrient
intakes (r = −0.14, p < 0.0001). The participants whose baseline micronutrient intakes were compliant
with the recommendations, defined as having an intake above the EAR or AI (n = 130), had a
significantly higher ratio of energy intake and BMR compared to those with at least one micronutrient
intake not meeting the recommendations. Non-compliance with the recommendations might be
related to a higher magnitude of underreporting (low ratio of energy intake and BMR). On the other
hand, those participants with complete compliance of micronutrient intake had PALs ranging from
1.13 to 2.03. This suggests that not only PAL and, hence, energy intake, play a role, but also diet
composition. In that respect, the increased energy turnover due to increased physical activity could
have an additional favorable impact on nutrient adequacy if it is accompanied by changes in dietary
composition and/or supplementation with certain minerals and vitamins. Similar conclusions were
drawn by other large-scale studies as well [10].
In an analysis of NHANES III data (1988–1994), Kimmons et al. [6] reported that participants who
were overweight or obese, particularly premenopausal women, were more likely to report low levels
of micronutrient intake (particularly vitamins E, C, and D, beta-carotene, selenium, and folate) than
were normal-weight participants in the same sex/age category. These results are in line with findings
from other studies that assessed the relationship between obesity and micronutrient intake [6,40–49].
NHANES dietary intake values might not be accurate, because of the data collection method used
a 2 × 24 h dietary recall method. This, and other techniques to quantify eating habits, lack accuracy,
with reported underestimations of intake up to 20%, in particular in obese individuals [50]. Briefel
et al. [51] analyzed the NHANES III data (1988–1994) and reported that dietary intake was probably
underestimated in up to 18% of men and 28% of women. Archer et al. [37] analyzed NHANES data
(from 1971 through 2010) by using physiologically-credible energy intake values, and estimated an
average under-reporting of 281 and 365 kcal/day for men and women, respectively, with greater
under-reporting for participants with a greater BMI. In our NHANES data sample, we were able to
actually estimate under-reporting of intake, since the objective measurement of daily physical activity
with accelerometers in NHANES 2003–2006 allowed us to estimate the physical activity-related energy
expenditure and to calculate the energy balance. Our results suggest NHANES 2003–2006 dietary
intake data are underreported by an average of 176 and 109 kcal/day for women and men, respectively,
with greater under-reporting for those with a higher BMI (r = 0.34, p < 0.0001) and higher physical
activity levels (r = 0.12, p < 0.0001).
An increase in physical activity levels is not necessarily immediately compensated by an energetic
equivalent increase in food intake. The type and duration/intensity of physical activity, as well as
the body composition of individuals, when they engage in more physical activity, be it in the form of
physical activity integrated into daily life (walking, cycling, stair climbing), exercise (jogging, working
out), or sports, affect food intake regulation and its changes over time. We previously reported that
overweight or obese untrained participants who engage in a long-term physical activity program do
not necessarily increase energy intake during the first months [16,52]. This absence of an immediate
compensatory increase in food intake in the obese might be due to their excess energy stores. Fully
compensatory responses in intake to altered levels of exercise energy expenditure might not begin
before a certain amount of the excess adipose tissue is depleted. Conversely, more active and lean
individuals would have to increase their energy intake in response to a further increase in physical
activity to prevent weight loss.
We chose to model the effect of a linear up-scaling of dietary intake to cover the energy
requirements of a PAL= 2.0. A PAL of 1.7 identifies participants who can be considered to be
minimally sufficiently physically active while a PAL of 1.9 may be necessary to prevent weight
gain over time [53]. However, a PAL around 2.0 is more representative of typical behavior observed in
modern hunter-gatherers and may reflect habitual Homo sapiens activity for most of its history [54].
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It likely is a level sufficiently high to lead to eventual compensatory responses in food intake, but is
obviously challenging to implement in modern, everyday life. It would imply a change of an entire
lifestyle that is in contrast to the one supported by “modern” life in motorized and food-abundant
surroundings. We calculated that, on average, the NHANES population would need to walk briskly for
an additional 13 ± 3 km per day, something difficult to envisage in the USA at present. Other means
to increase PAL, such as more non-exercise physical activity into daily occupational, transportation
and household routines, were proven to be a useful strategy for increasing energy expenditure in
otherwise inactive participants [55–57], although it is acknowledged that a meaningful increase in
energy turnover is plausible only at high PALs in lean participants performing physical activity on a
regular basis [16,52].
Increasing PAL to 2.0 increased mean intakes of all vitamins and minerals by 56–66%. However,
the higher energy turnover did not fully correct imbalances of all minerals and vitamins. For example,
the baseline sodium intake of our sample was, on average, more than double that of the EAR [36].
A linear up-scaling of sodium intake further increased the already worrisome sodium intake levels,
which could jeopardize health and lead to an potential increase in cardiovascular risk [58]. More than
90% of the participants would have a sodium intake above the UL after data adjustment. On the
other hand, intake of vitamin E and potassium still remained below recommendations when linear
up-scaling was performed.
Our study has limitations. The participants were not equally distributed when they were divided
into the three PAL subgroups (PAL < 1.4, PAL 1.4 - < 1.7, and PAL ≥ 1.7), but were composed of
60.8% (n = 2440), 36.6% (n = 1469), and 2.6% (n = 106) of the participants, respectively. Furthermore,
the determination of PAL was based on the results from accelerometer data, which are prone to
recording and/or analysis errors. Accelerometers have low sensitivity in low-intensity activities and
are unable to register static exercise nor the activities that do not involve a transfer of the center of mass
at a rate relative to the energy expended (e.g., weight lifting, uphill walking, walking and carrying a
load) [59]. In addition, there is currently no consensus related to the selection of cut-off points to define
activity intensities despite a number of proposed cut-offs for some devices. Furthermore, the TEE was
estimated using formulas and not objectively measured with methods, such as doubly-labeled water.
Published studies using NHANES 2003–2004 data have reported that 5% of adults performed
30 minutes or more of physical activity on a daily basis [60]. Our analyses show that only 2.6% of
participants were compliant with a PAL ≥ 1.7, which corresponds to a daily physical activity of
moderate intensity of approximately 45–60 min, in order to prevent unhealthy weight gain [53].
Evaluation of nutritional intake has some methodological weaknesses, such as misreporting or
under-reporting, that limit the interpretation of dietary record data. The NHANES dietary intake was
analyzed using the 2 × 24 h dietary recall technique, which is subject to bias. In order to be able to
exclude data that might not be authentic, Archer et al. [37] suggested using a ratio of energy intake
and BMR that is less than 1.35 to identify the values that seem implausible. Our analyses showed
energy intake to BMR ratios of 1.26 ± 0.44, 1.37 ± 0.50, and 1.52 ± 0.58 for inactive, moderately
active, and active participants, respectively. However, 59.8% of all participants had a ratio of energy
intake and BMR of less than 1.35. This, again, raises the question of whether memory-based dietary
assessment methods should be used for the assessment of energy and nutrient intake [61–63].
We further did not take into account that under-reporting of dietary intake is not necessarily
consistent across the various constituents of a diet. For instance, it was reported that fat may be more
under-reported than other food constituents [64], which would be of relevance for fat-soluble vitamins.
In addition, the nutritional analysis in NHANES derives mineral and vitamin intake from food tables
according to the declared intake and not from a direct analysis of daily food intake.
Finally, our modeling strategy applied the assumption that an increase in physical activity-related
energy expenditure would be automatically compensated by a reciprocal increase in food intake
without changes to dietary composition. This theoretical model likely oversimplifies the true
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associations (physical activity vs. linear up-scaling in diet quantities and composition), which may be
non-linear, and also dependent on the obesity status of participants.
The strength of our study lies in the fact that we used a large dataset in which physical activity
was measured objectively. The chosen study model may serve as a baseline for future studies, which
can deal with the aforementioned limitations and investigate them in more detail using a longitudinal
study design.
5. Conclusions
Even after correcting for inadequate dietary intake reporting there is a high prevalence of
insufficient micronutrient intake in the adult NHANES population. Prevalence is higher in participants
with lower PALs. Insufficient mineral and vitamin intake thus seems partly determined by low energy
turnover from insufficient PALs. An increase in the population’s PALs might lead to increased energy
intake to cover the increased expenditure and, at the same time, increased intake of the non-energy
compounds in food, like minerals and vitamins, reducing the prevalence of insufficient mineral and
vitamin intake.
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A B S T R AC T
Submaximal step tests are often used for estimation of maximum oxygen consumption (VO
2
max) in 
humans. The validity of the Actiheart step test for VO
2
max estimation was not fully studied yet. There-
fore, purpose of the study was to estimate VO
2
max using the Actiheart step test and to compare the 
data with measured VO
2
max in endurance trained athletes (ATH) and healthy non-athletes (CON).
68 ATH (54% men, 28.0±5.4 yrs, 20.9±1.7 kg∙m-2) and 63 CON (46% men, 27.6±5.1 yrs, 22.1±1.7 kg∙m-2) 
performed the Actiheart step test and a spiroergometry for assessment of VO
2
max. In addition, rest-
ing metabolic rate (RMR; indirect calorimetry), maximum heart rate (HRmax; heart rate monitoring 
system during spiroergometry), and sleeping heart rate (SHR; Actiheart 6-day long term measure-
ment) were determined. Validity of two di'erent Actiheart software entry modes was assessed: (1) 
AHraw (estimated RMR [Scho/eld] and HRmax [Tanaka], SHR = 70 bpm) and (2) AHcomplete (mea-
sured RMR, HRmax, and SHR). Validity was investigated using linear regression (R2 and standard error 
of the estimate (SEE)) and repeated-measures ANOVA with a Bonferroni post-hoc correction. The 
level of signi/cance was set to α=0.05.
VO
2
max estimated by AHraw was signi/cant related to measured VO
2
max in women CON (R2=0.22; 
p<0.05), whereas when VO
2
max was estimated by AHcomplete the relation was signi/cant in women 
ATH and CON, and in men CON (R2=0.17-0.24; p<0.05). AHraw signi/cantly underestimated VO
2
max 
in the total sample by 8% (51.4±10.2 vs. 55.9±7.6 ml∙kg-1∙min-1; p<0.0001), whereas no signi/cant 
di'erence between AHcomplete and the criterion method was found (57.0±11.1 vs. 55.9±7.6 ml∙ 
kg-1∙min-1; p=0.26). 
The Actiheart step test is an acceptable tool for the estimation of VO
2max
 if an error within 8% can be 
tolerated. However, accuracy of the VO
2
max prediction is much improved when entering measured 
variables, such as RMR, SHR, and HRmax, into the software.  
Keywords:
Maximum oxygen consumption – athletes – cardiorespiratory /tness – exercise testing – metabolic 
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Introduction
Maximum oxygen consumption (VO
2
max), a key indicator of 
cardiorespiratory /tness, is used in both athletic and health 
settings, as a determinant of physical performance (Bassett 
& Howley, 2000) or as a predictor of health risk and longevity 
(Kodama et al., 2009). VO
2
max-testing is usually performed on a 
treadmill or a cycle ergometer while oxygen uptake and expired 
carbon-dioxide are measured with a respiratory gas analyzer. 
The workload is progressively increased until the participant 
reaches volitional exhaustion (after a minimum of 5 min (tread-
mill) or 7 min (cycle), up to 26 min (Midgley, Bentley, Luttikholt, 
McNaughton, & Millet, 2008)). However, maximum exercise tests 
are time consuming, expensive and depend on physiological 
expertise (Björkman, Ekblom-Bak, Ekblom, & Ekblom, 2016). In 
addition, some individuals from the general population cannot 
achieve the maximal e'ort required for the determination of 
VO
2
max. Furthermore, there are contraindications for maximum 
exercise tests (American Thoracic Society & American College 
of Chest Physicians, 2003). These contraindications include un-
controlled asthma, syncope, acute myocardial infarction, and 
respiratory failure. Therefore, several indirect methods to esti-
mate VO
2
max have been developed, where VO
2
max is predicted 
from submaximal exercise results. Most of these tests use the 
linear relationship between heart rate (HR) and oxygen uptake 
(VO
2
). The VO
2
max is then predicted by extrapolation of the sub-
maximal values to an estimated maximum heart rate (HRmax). 
Submaximal tests thus allow evaluation of cardiorespiratory 
/tness in a population, in which the direct determination of 
VO
2
max is not possible (Björkman et al., 2016).
The Actiheart is a lightweight (10 g), waterproof combined 
HR and movement sensor (accelerometer) designed to non-
invasively assess daily physical activity levels (Cambridge 
Neurotechnology Ltd., Papworth, UK). The Actiheart was shown 
to give accurate estimations of activity energy expenditure 
against indirect calorimetry during a wide range of activities 
in men and women in both laboratory (Thompson, Batterham, 
Bock, Robson, & Stokes, 2006) and /eld (Crouter, Churilla, & 
Bassett, 2008) settings. A good level of agreement between 
Actiheart and doubly labelled water measured daily total en-
ergy expenditure was found in adult men and women (Brage 
et al., 2015), in children and adolescents (Butte et al., 2010), and 
in lean and overweight men of various /tness levels (Villars et 
al., 2012). The Actiheart needs to be individually calibrated for 
each person with a standard step test, a built-in function of the 
Actiheart software. During stepping, the relationships between 
actimetry and HR vs. work rate are assessed. The step test also 
yields estimated VO
2
max values, obtained by extrapolating the 
HR vs. work rate regression line to the estimated or measured 
HRmax for the individual. No studies assessed the validity of 
the VO
2
max estimation using the Actiheart step test. The pur-
pose of the study was to estimate VO
2
max using the Actiheart 
step test in AHraw and AHcomplete modes (see “Methods”) 
and to compare the results with measured VO
2
max over a 
range of aerobic capacities. The results were expected to /ll a 
gap in the knowledge regarding the practical use and precision 
of the Actiheart modes for estimating VO
2
max in comparison 
to the VO
2
max ergometer measurements for athletic and non-
athletic populations.
Methods
Participants
We recruited by advertisement 68 competitive endurance ath-
letes (ATH; 31 women, 37 men; regular endurance training vol-
ume ≥ 300 min ∙ wk-1 and participation in competitions) and 63 
healthy, non-endurance-trained nonsmoking controls (CON; 
34 women, 29 men; max. 150 min ∙ wk-1 moderate endurance 
training). Most but not all participants were workers, students 
or athletes located on the campus of the Swiss Federal Institute 
of Sports Magglingen. All participants had to be weight-stable 
(< 2 kg of weight di'erence in the last 3 months) with a Body 
Mass Index (BMI) between 18.5 and 25 kg ∙ m-2, and aged be-
tween 18 and 40 years. Participants were excluded if they were 
smoking, pregnant, lactating, dieting, su'ering from metabolic 
disease and/or eating disorders, or taking medication (apart 
from contraceptives). Athletes were excluded from the study 
if they had changed their training habits within the last four 
weeks before the experiments (e.g., due to injury or disease). 
All experimental procedures were approved by the Regional 
Ethics Committee in Berne, Switzerland (KEK-number 090/15), 
and the study was carried out according to the recommenda-
tions of the Helsinki Declaration. Written informed consent of 
the participants was obtained before any testing.
Study design
The participants were recruited by advertisement. They came 
to the testing center on two separate testing days, having re-
frained from strenuous physical activity ≥ 24 h. After provid-
ing written informed consent, on the /rst day the participants 
completed, in a fasted state (≥ 12 h absence of any food or Xuid 
intake, ≥ 36 h absence of alcohol or ca'eine intake) measure-
ments in the following order: 1) anthropometry and body com-
position; 2) resting metabolic rate (RMR); and 3) a step test using 
the in-built function of the Actiheart. One week after the /rst 
measurement day, the participants did an incremental exercise 
test (VO
2
max) in a non-fasted state. In the days between the 
two testing days the participants wore an Actiheart for at least 
7 days. All tests were carried out in Magglingen (Switzerland) at 
an altitude of 950 m. 
Estimation of VO
2
max with the Actiheart
The Actiheart was clipped onto two standard ECG electrodes 
(3MTM Red DotTM Electrode 2560; 3M Health Care, St. Paul, USA) 
on the chest of the participant according to manufacturer’s in-
structions and worn day and night (Brage et al., 2006). The de-
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vice was individually calibrated for each participant using the 
standard step test, a built-in function of the Actiheart software 
version 4.0.92 (Cambridge Neurotechnology Ltd., Papworth, 
UK). In short, the participants stepped up and down a 195 mm 
high step for eight minutes while stepping rate was ramped 
linearly from 15 step cycles ∙ min-1 (one step cycle is “up, up, 
down, down”) to 33 step cycles ∙ min-1 at the end (rate of change 
2.5 body lifts ∙ min-1). Participants were advised to stop the test 
if they felt uncomfortable. After the end of the test, participants 
were requested to stand still for two minutes with the Actiheart 
still /tted while not speaking during which recovery HR was as-
sessed. The mechanical power of the step test (mass-speci/c lift 
work rate) was calculated as 9.81 m ∙ s-2 x step height (m) x lift 
frequency (number of body weight lifts ∙ min-1) and expressed 
in J ∙ kg-1 ∙ min-1. The Actiheart software uses linear regression to 
model the relationship between work rate and HR during step-
ping. To estimate the VO
2
max, the regression line was extrap-
olated to the estimated HRmax for each participant. The pre-
dicted VO
2
max in L ∙ kg-1 ∙ min-1 was then calculated as a maxi-
mum mechanical power in J ∙ kg-1 ∙ min-1 divided by a factor of 
20.2 (assuming an invariant net e^ciency of 20%). The HRmax 
was de/ned in two ways: (1) estimated by use of the Tanaka 
equation (Tanaka, Monahan, & Seals, 2001); and (2) measured 
during a maximum exercise test (see section “Measurement of 
VO
2
max”). 
Total energy expenditure (TEE) and activity energy expenditure 
were estimated by analyzing 6 full-day (24 h) recordings of HR 
and body movement with a 15-second averaging epoch set-
ting. During the recording period participants were requested 
to continue their habitual life routine and physical activities. 
Sleeping heart rate (SHR) was measured as a mean of the 120 
lowest HR recordings during 24 h, the SHR for a full six-day pe-
riod was determined as the mean value of the six SHR record-
ings. TEE was calculated as sum of RMR (measured by indirect 
calorimetry, see section “Resting metabolic rate”), activity ener-
gy expenditure, and diet-induced thermogenesis (estimated as 
10% of TEE (Manore & Thompson, 2010)). Physical activity level 
(PAL) was calculated as TEE/RMR.
For the validity testing, two inbuilt scenarios of the Actiheart 
step test were looked at: (1) “AHraw”. In this mode SHR is set to 
70 bpm, RMR is estimated by the Scho/eld equation (Scho/eld, 
1985), and HRmax is estimated by use of the Tanaka formula 
(Tanaka et al., 2001); and (2) “AHcomplete”. In this mode SHR, 
measured during the long-term recordings of the Actiheart, 
RMR, measured using indirect calorimetry, and HRmax, mea-
sured during a maximum exercise test, are manually entered 
into the Actiheart software.
Measurement of VO
2
max
Before exercise testing each participant /lled out the German 
(Marti, Villiger, Hintermann, & Lerch, 1998) or French (Société 
canadienne de physiologie de l’exercice, 2002) version of the 
Physical Activity Readiness Questionnaire (PAR-Q). Only if all 
items were answered with “no”, participants were allowed to 
start the exercise testing. The test was performed on a tread-
mill (women: model mercury; men: model venus, h/p/Cosmos 
Sports & Medical GmbH, Traunstein, Germany). Treadmill in-
clines were set at 4° throughout the test. After a 5-min warm-
up jog, non-athletic participants begun running at 7 km ∙ h-1, 
whereas participants from the athlete group started at 9 km ∙ 
h-1. The speed was increased by 1 km ∙ h-1 every minute for the 
/rst 3 minutes of the test and thereafter by 0.5 km ∙ h-1 every 
30 s until exhaustion (Steiner & Wehrlin, 2011). Gas exchange 
was measured breath-by-breath with an open-circuit system 
(Quark CPET; COSMED Srl, Rome, Italy), which was calibrated 
before each test according to manufacturer’s instructions. 
VO
2
 data was processed using 10-second time averages. 
VO
2
max was determined as the highest 30-second VO
2
 aver-
age for the test (Robergs, Dwyer, & Astorino, 2010). Heart rate 
was continuously registered with a wireless HR monitoring 
system (model SZ990; COSMED Srl, Rome, Italy). If the primary 
criteria of a plateau in oxygen uptake (de/ned as an increase of 
VO
2
 < 2.1 mL ∙ kg-1 ∙ min-1) was not reached by the participant 
(n = 4), then the secondary criteria of a RQ value ≥ 1.10, and a 
HR close (± 10 bpm) to the age-predicted HRmax (Tanaka et al., 
2001) were used to determine whether the participant reached 
maximal e'ort and thus VO
2
max. VO
2
max-tests were carried 
out at a mean room temperature of 21.8 ± 1.0°C, a humidity 
of 39.8 ± 10.1%, and an air pressure of 914 ± 7 hpa. In general, 
a temperature range of 20 to 22°C in a cool, dry environment 
(< 50% humidity) is considered comfortable for exercise testing 
(Myers et al., 2009).
Anthropometric data and body composition
Body weight was measured to the nearest 0.1 kg on a calibrat-
ed beam scale (Seca 877, Seca, Hamburg, Germany) and body 
height was measured to the nearest 0.5 cm with a height rod 
(Seca 213, Seca, Hamburg, Germany), with the participants in 
light clothing and without shoes. 
Body composition was assessed using Lunar iDXA (GE 
Healthcare, Madison, WI, USA). Calibration of the iDXA was 
performed and checked on a daily basis before testing using a 
calibration phantom. Participants voided their bladder before 
the scan. The participants were in underwear and all metal ar-
tefacts were removed. During measurement, participants were 
in supine position on the scanning table with their ankles and 
legs /xed using supports. Arms were positioned to the side 
with the palms Xat on the table. Participants were requested 
to stay still during the measurement. Whole body scans were 
performed according to the manufacturer’s instructions, and 
adipose tissue mass, lean tissue mass, and bone mineral con-
tent were derived (enCore software v. 11.10; GE Healthcare, 
Madison, WI, USA). Total body composition estimates with the 
Lunar iDXA have been reported to be excellent in other studies 
(Carver, Christou, & Andersen, 2013; Hind, Oldroyd, & Truscott, 
2011).
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2017). The R2 and standard error of the estimate (SEE) were 
calculated by linear regression, where measured VO
2
max was 
entered as dependent variable and estimated VO
2
max as inde-
pendent variable. Levels of agreement between Actiheart and 
measured values were further expressed as mean di'erence 
with Limits of Agreement (mean di'erence ± 1.96 SD) (Bland 
& Altman, 1999).
Results
Participants
Data of in total 50 women (24 ATH and 26 CON) and 41 men (22 
ATH and 19 CON) with valid Actiheart, VO
2
max, and RMR mea-
surements were included into the analysis. The Table 1 presents 
the anthropometric data, body composition, RMR and VO
2
max 
of the participants. The VO
2
max ranged from 39.1 – 65.4 ml ∙ 
kg-1 ∙ min-1 in women and 42.8 – 78.4 ml ∙ kg-1 ∙ min-1 in men. 
Validity of the Actiheart step test for estimation of VO
2
max
The Pearson’s correlation analyses revealed moderately cor-
related data of AHraw and the criterion method only in wom-
en CON (r = 0.46, p < 0.05), whereas the correlation between 
AHcomplete and measured VO
2
max was signi/cant in women 
ATH, women CON, and men CON (r = 0.41 – 0.49, all p < 0.05; 
Table 2), and r was interpreted as moderate association. The 
MAE, MAPE, and SEE for all groups are presented in Table 2. 
In women and men ATH the AHraw signi/cantly underesti-
mated VO
2
max (p < 0.05), whereas in the CON groups no sig-
ni/cant di'erences between estimated and measured VO
2
max 
were found. For AHcomplete, VO
2
max was signi/cantly un-
derestimated in women ATH (p = 0.03), and overestimated in 
men CON (p = 0.03), whereas no signi/cant di'erences were 
obtained in women CON and men ATH. When looking at the 
total sample, signi/cant di'erences between AHraw and the 
measured VO
2
max (51.4 ± 10.2 vs. 55.9 ± 7.6 ml ∙ kg-1 ∙ min-1; 
p < 0.0001) were observed, whereas the di'erence between 
AHcomplete and VO
2
max was non-signi/cant (57.0 ± 11.1 vs. 
55.9 ± 7.6 ml ∙ kg-1 ∙ min-1; p = 0.26). The range of the MAPE across 
all groups was 11.4 – 17.7% and 10.8 – 14.7% for AHraw and 
AHcomplete, respectively (Table 2). The absolute di'erence be-
tween measured and estimated VO
2
max by use of AHraw was 
smaller than 5 ml ∙ kg-1 ∙ min-1 in 29% (n = 7), 54% (n = 14), 27% 
(n = 6), and 58% (n = 11) in women ATH, women CON, men ATH, 
and men CON, respectively. When VO
2
max was estimated by 
AHcomplete, the absolute di'erence between measured and 
estimated VO
2
max was smaller than 5 ml ∙ kg-1 ∙ min-1 in 42% (n = 
10), 39% (n = 10), 50% (n = 11), and 37% (n = 7) of women ATH, 
women CON, men ATH, and men CON, respectively. 
The results of the linear regression analyses are presented in 
Table 3. In women CON a statistically signi/cant relationship 
between VO
2
max estimated by AHraw and the measured val-
Resting metabolic rate
RMR was assessed by indirect calorimetry using a venti-
lated hood system (Quark CPET; COSMED Srl, Rome, Italy). 
Calibrations of the gas analyzer and Xowmeter were carried 
out before each test according to manufacturer’s instruc-
tions. After acclimatization and relaxing for 30 min on a bed, 
a ventilated hood was placed over the participant’s head and 
measurements were started. VO
2
 and carbon dioxide produc-
tion (VCO
2
) were measured for 30 min at 10-second intervals 
with participants remaining motionless in supine position in a 
thermoneutral environment (20 - 25 °C (Compher, Franken/eld, 
Keim, Roth-Yousey, & Evidence Analysis Working Group, 2006)). 
The /rst 5 min were eliminated as acclimatization artifact. From 
the remaining 25 min an interval of 5 consecutive minutes with 
a < 10% coe^cient of variation of VO
2
 and VCO
2
 was consid-
ered as steady state. VO
2
 and VCO
2
 were then used to calculate 
RMR using the abbreviated Weir equation (Weir, 1949). Since 
respiratory quotient (RQ, de/ned as the ratio of VCO
2
 and VO
2
) 
measures at rest < 0.70 and > 1.00 suggest protocol violations 
or inaccurate gas measurement (Compher et al., 2006), par-
ticipants with RQ-values outside of the plausible range should 
be excluded from data analysis (n = 1). The obtained RQ for all 
measurements was 0.76 ± 0.04 and the mean coe^cients of 
variation of VO
2
 and VCO
2 
were 3.8 ± 1.5% and 5.0 ± 1.9%. RMR 
measurements took place at a mean temperature of 21.9 ± 
1.2°C, 40.0 ± 10.2% humidity, and an air pressure of 914 ± 7 hpa.
Statistics
Statistical analyses were performed using the statistical soft-
ware SPSS version 24 for MS-Windows (IBM Corp., Chicago, 
IL, USA). Mean values and standard deviations (SD) were 
calculated and data was checked for normality using the 
Shapiro-Wilk-test. All parameters were normal distributed 
with the exception of age, body fat (%), fat-free mass (kg), RMR 
(kcal ∙ d-1), VO
2
max (L ∙ min-1), recovery HR, and PAL. Group di'er-
ences were tested by independent t-tests and Mann-Whitney-
U-tests (α = 0.05). The validity of the Actiheart step test was 
/rst investigated using Pearson’s Product moment correlation 
analysis. The correlation coe^cients (r) were classi/ed accord-
ing to Cohen (Cohen, 1988). An r between 0.10-0.29 was con-
sidered a small, between 0.30-0.49 a moderate and between 
0.50-1.0 a strong association. The data were further analyzed 
using a repeated-measures ANOVA with a Bonferroni post-hoc 
correction to compare measured VO
2
max, estimated VO
2
max 
by AHraw, and estimated VO
2
max by AHcomplete. In addition, 
the mean absolute error (MAE) and the mean absolute per-
centage error (MAPE) of AHraw and AHcomplete compared to 
the criterion measure were computed. Since no standardized 
threshold exists for high or low MAPE, we considered a MAPE 
≥ 10% as an indicator of inaccuracy as suggested by other au-
thors (Boudreaux et al., 2018; Lee, Kim, & Welk, 2014; Nelson, 
Kaminsky, Dickin, & Montoye, 2016; Roos, Taube, Beeler, & Wyss, 
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Table 1: Participant characteristics of the men and women athletes (ATH) and controls (CON).
Legend: Results are expressed as mean ± standard deviation. a signi/cantly di'erent from CON of the same sex (p < 0.05), 
b signi/cantly di'erent from CON of the same sex (p < 0.01), c signi/cantly di'erent from CON of the same sex (p < 0.0001)
Women Men
ATH (n = 24) CON (n = 26) ATH (n = 22) CON (n = 19)
Age (years) 30.0 ± 5.5 27.4 ± 4.9 25.8 ± 4.4 27.1 ± 5.4
Body mass (kg) 57.0 ± 5.9 a 61.6 ± 6.6 69.9 ± 6.8 72.4 ± 7.3
Height (cm) 168 ± 5 168 ± 7 180 ± 4 179 ± 7
BMI (kg ∙ m-2) 20.3 ± 1.6 b 21.8 ± 1.6 21.6 ± 1.6 22.5 ± 1.7
Body fat (%) 23.3 ± 4.8 a 26.0 ± 4.8 14.1 ± 4.1 a 17.0 ± 5.0
Fat-free mass (kg) 44.4 ± 4.3 45.7 ± 5.2 60.9 ± 6.6 60.8 ± 6.7
RMR
kcal ∙ d-1
kcal ∙ kg-1 ∙ d-1
kcal ∙ kg-1 ∙ h-1
1436 ± 121
25.4 ± 2.5
1.06 ± 0.10
1500 ± 153
24.4 ± 1.4
1.02 ± 0.06
1868 ± 162
26.8 ± 1.6 a
1.12 ± 0.07 a
1835 ± 257
25.3 ± 2.5
1.06 ± 0.10
VO
2
max
L ∙ min-1
ml ∙ kg-1 ∙ min-1
3.2 ± 0.3 a
56.1 ± 4.5 c
3.0 ± 0.4
48.4 ± 4.4
4.5 ± 0.4 a
64.0 ± 6.2 c
4.1 ± 0.6
56.6 ± 5.0
Maximum metabolic 
equivalent of task
15.2 ± 1.4 c 13.7 ± 1.2 16.3 ± 1.2 a 15.3 ± 1.4
HRmax (bpm) 181 ± 9 a 186 ± 7 189 ± 8 189 ± 7
SHR (bpm) 49 ± 7 a 53 ± 6 48 ± 6 50 ± 7
Recovery HR (bpm) 87 ± 14 90 ± 17 85 ± 11 85 ± 12
PAL 2.1 ± 0.3 b 1.9 ± 0.2 1.9 ± 0.3 1.7 ± 0.2
Table 2: Concurrent validity (tested mode vs. criterion measure) of the two Actiheart modes to estimate VO
2
max in men and 
women athletes (ATH) and controls (CON).
Women Men
ATH (n=24) CON (n=26) ATH (n=22) CON (n=19)
r value
AHraw
AHcomplete
0.225
0.410 a
0.463 a
0.488 a
-0.069
0.235
0.431
0.480 a
MAE [ml ∙ kg-1 ∙ min-1]
AHraw
AHcomplete
8.8 ± 9.2
3.0 ± 6.5
2.5 ± 7.2
-1.2 ± 8.0
5.2 ± 10.0
-1.5 ± 10.0
1.0 ± 9.1
-5.4 ± 9.8
MAPE [%]
AHraw
AHcomplete
17.7 ± 13.7
10.8 ± 6.5
11.4 ± 10.4
13.6 ± 8.9
13.6 ± 8.6
11.1 ± 10.5
11.4 ± 10.6
14.7 ± 12.2
SEE [ml ∙ kg-1 ∙ min-1]
AHraw
AHcomplete
4.47
4.19
3.98
3.91
6.31
6.15
4.66
4.53
Legend: Results are expressed as mean ± standard deviation. a correlations signi/cant at p < 0.05
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Paterson, 2001; Santo & Golding, 2003; Sykes & Roberts, 2004; 
Webb, Vehrs, George, & Hager, 2014). In our study we found 
a signi/cant relationship between estimated and measured 
VO
2
max for the total sample, with R2 0.24 for AHraw and 0.36 for 
AHcomplete. However, when dividing the groups by sex and 
experimental group (ATH and CON), the R2 ranged from 0.01 to 
0.22 for AHraw (with being signi/cant only for women CON), 
and 0.06 to 0.24 for AHcomplete (signi/cant for women ATH 
and CON, and men CON). 
Compared to other studies the absolute measures of agree-
ment showed similar or slightly better validity of the Actiheart 
step test for the estimation of VO
2
max (SEE: 3.98 – 6.31 ml ∙ kg-1 ∙ 
min-1 for AHraw and 3.91 – 6.15 ml ∙ kg-1 ∙ min-1 for AHcomplete). 
Previous studies reported a SEE of 6.9 – 8.76 ml ∙ kg-1 ∙ min-
1 for the modi/ed YMCA 3-minute step test in healthy men 
and women (Santo & Golding, 2003) and 3.9 ml ∙ kg-1 ∙ min-1 
for the Chester step test in healthy adults (Sykes & Roberts, 
2004). In well-trained men a SEE of 0.28 L ∙ min-1 was detected 
for the Åstrand-Rhyming step test (Åstrand & Ryhming, 1954). 
Assuming a body mass of 70 kg (not reported in that study) this 
would amount to a SEE of 3.6 ml ∙ kg-1 ∙ min-1.
In the present study, we found a systematic bias of 4.5 ml ∙ kg-1 
∙ min-1 for the total sample for AHraw, indicating that estimated 
VO
2
max was signi/cantly lower compared to the measured 
VO
2
max values. When VO
2
max was estimated by AHcomplete, 
no systematic errors were observed (-1.1 ml ∙ kg-1 ∙ min-1, non-
signi/cant). Knight et al. (2014) observed a systematic bias 
of -6.4 ml ∙ kg-1 ∙ min-1 for the STEP tool protocol in 40 healthy 
men and women, with higher VO
2
max values in the predictive 
vs. maximal test. For the Chester step test a mean systematic 
bias of 2.8 ml ∙ kg-1 ∙ min-1 was reported in university students, 
Table 3: Parameters of linear regression for maximum oxygen consumption (VO
2
max; ml ∙ kg-1 ∙ min-1) in men and women athletes 
(ATH) and controls (CON). Measured VO
2
max was entered as dependent variable and estimated VO
2
max by Actiheart was 
the independent variable.
Women Men
ATH (n=24) CON (n=26) ATH (n=22) CON (n=19)
R2
AHraw
AHcomplete
0.051
0.168
0.215
0.238
0.005
0.055
0.186
0.230
p-value
AHraw
AHcomplete
0.291
0.047
0.017
0.011
0.760
0.293
0.065
0.038
Slope
AHraw
AHcomplete
0.11
0.266
0.251
0.234
-0.057
0.153
0.216
0.217
Intercept
AHraw
AHcomplete
50.914
42.004
36.881
36.782
67.394
54.011
44.632
43.183
Legend: Signi/cant p-values are highlighted in bold.
ues was detected (p < 0.05). The relationship between VO
2
max 
estimated by AHcomplete and the criterion method was sig-
ni/cant in women ATH and CON and in men CON (p < 0.05).
In Figure 1, the data of AHraw and AHcomplete and the refer-
ence method are presented using Bland-Altman plots. For the 
total sample, the mean bias (± 1.96 SD) was 4.5 (-13.6; 22.6) ml 
∙ kg-1 ∙ min-1 for AHraw, whereas for the AHcomplete no system-
atic errors were observed. Likewise, no systematic errors were 
found in the single groups for both AHraw and AHcomplete, 
except for women ATH when VO
2
max was estimated by AHraw 
(p < 0.0001; Figure 1). 
Discussion
We evaluated the validity of the Actiheart step test for the esti-
mation of VO
2
max in men and women along a range of aerobic 
/tness levels, comparing two di'erent data entry modes, AHraw 
(estimated SHR, HRmax and RMR) and AHcomplete (measured 
SHR, HRmax and RMR). Based on MAPE, the Actiheart step test 
is not an acceptable method for estimation of VO
2
max.
There exist several submaximal step tests for the estimation of 
VO
2
max. The most common are the Chester step test, the STEP 
tool protocol, the modi/ed YMCA 3-minute step test, and the 
Åstrand-Rhyming step test (Bennett, Par/tt, Davison, & Eston, 
2016). The R2 of previous reported step tests for the estimation 
of VO
2
max ranged between 0.22 and 0.88 (Francis & Brasher, 
1992; Francis & Culpepper, 1989; Hansen, Jacobs, Thijs, Dendale, 
& Claes, 2016; Knight, Stuckey, & Petrella, 2014; McArdle, Katch, 
Pechar, Jacobson, & Ruck, 1972; Perroni, Cortis, Minganti, 
Cignitti, & Capranica, 2013; Petrella, Koval, Cunningham, & 
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Figure 1: Bland-Altman plots of AHraw and AHcomplete and the reference method (VO
2
maxmeas) 
for men and women athletes and controls.
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A common issue in studies involving maximal exercise testing 
is the selection bias, often including /tter individuals than the 
general population. In a recent study examining the aerobic 
capacity in the Swiss working population VO
2
max values of 
33 and 45 ml ∙ kg-1 ∙ min-1 for women and men were reported 
(Mundwiler et al., 2017). In our control group, the mean values 
for VO
2
max were 48.4 and 56.6 ml ∙ kg-1 ∙ min-1 for women and 
men, indicating a higher /tness level in the included partici-
pants compared to the general population.
Step tests, in general, are prone to error. For example, perform-
ing a step test requires the person’s ability to maintain a certain 
stepping tempo and technique. Alterations in stepping tech-
nique can a'ect mechanical e^ciency and therefore physi-
ological responses in HR and oxygen consumption (Bennett et 
al., 2016). In addition, performing a step test with a pre-de/ned 
/xed step height, might introduce potential error since leg 
length, step length, body mass, and morphology vary between 
individuals and these di'erences might result in di'erent indi-
vidual physiological responses.
The mode AHcomplete requires the measurement of RMR, a 
long-term assessment of SHR, and a maximum exercise test 
for determination of HRmax. These measurements have higher 
/nancial and time costs, and require the same or even more 
expertise compared to the direct assessment of VO
2
max. 
However, HRmax can be also measured using a maximum ex-
ercise test without performing a spiroergometry, which makes 
its application possible in settings where the equipment for a 
respiratory gas analysis is not available. Another limitation of 
the AHcomplete mode is that performing a maximum exercise 
test (with or without respiratory gas analysis) is not possible in 
every population, which limits the application of this mode. 
In summary, the mode AHcomplete is only applicable in set-
tings without respiratory gaz analysis equipment and in sub-
jects who can perform a maximum exercise test for determina-
tion of HRmax.  We did not verify the validity of an Actiheart 
mode where RMR and SHR are entered as measured variables, 
and HRmax is estimated. However, using an estimated HRmax
 
as endpoint for the estimation of VO
2
max, such as for AHraw, 
might introduce error since it was shown that estimations of 
HRmax can have a considerable prediction error (Tanaka et al., 
2001). Another potential source of error is the reliance on the 
linear relationship between VO
2
 and power output, as shown by 
Åstrand and Rodahl (1970). However, Zoladz, Rademaker and 
Sargeant (1995) found a non-linear relationship between VO
2
 
and power output, which may a'ect the prediction of VO
2
max 
by use of submaximal tests. Although the non-linearity might 
occur predominantly at high intensities above the anaerobic 
threshold (Majerczak et al., 2012; Zoladz, Szkutnik, Majerczak, 
& Duda, 1998) this underlines the importance of choosing an 
individual work rate which is not too high. In addition, it was 
shown that there is not always a linear relationship between HR 
and VO
2 
(Buckley et al., 2004).
indicating that predicted VO
2
max was signi/cantly lower com-
pared to the measured VO
2
max during a maximal treadmill test 
(Buckley, Sim, Eston, Hession, & Fox, 2004). We also found a sig-
ni/cant negative relationship between the mean of measured 
and estimated VO
2
max and the di'erence between both meth-
ods, indicating that with increasing VO
2
max the di'erence 
between actual and estimated VO
2
max increased (r = -0.33 for 
AHraw and r = -0.45 for AHcomplete, p < 0.01). This means that 
for participants with very high (such as endurance athletes) or 
very low aerobic capacity (untrained) the di'erence between 
estimated VO
2
max by the Actiheart step test and measured 
VO
2
max is larger. In participants with high aerobic capacity the 
Actiheart step test thus overestimates actual VO
2
max, whereas 
in participants with low aerobic capacity VO
2
max is underesti-
mated, independent of which entry mode is used. 
In our study, the absolute di'erence between measured and 
estimated VO
2
max was smaller than 5 ml ∙ kg-1 ∙ min-1 in 41.8% 
of the participants for both AHraw and AHcomplete. However, 
when VO
2
max was estimated by use of AHraw, only 28.3% (n = 
13) of the athletes had a smaller than 5 ml ∙ kg-1 ∙ min-1 absolute 
di'erence between measured and estimated VO
2
max, whereas 
when VO
2
max was estimated by AHcomplete 45.7% (n = 21) of 
the participants were within 5 ml ∙ kg-1 ∙ min-1. These results indi-
cate that in endurance trained participants the AHcomplete for 
estimating VO
2
max is more accurate than the AHraw, whereas 
in persons with a good VO
2
max the AHraw setting is su^cient 
to predict aerobic capacity.
We assume that the underlying equations of the manufacturer 
were originally developed for the estimation of VO
2
max of the 
general population with a limited range of aerobic capacity 
and not especially for endurance athletes nor for persons with 
low aerobic capacity. Based on our results it would thus seem 
necessary to adapt these equations in order to provide more 
valid VO
2
max values for a broader range of aerobic capacities.
Strengths and limitations
A strength of the study is the number of included men and 
 women covering the upper range of aerobic capacities. In 
addition, body composition, RMR, and long-term Actiheart 
data (such as SHR and PAL) were available for all participants 
and could be entered into the Actiheart software in order to 
evaluate the e'ect on the estimation of VO
2
max. We also put 
e'ort into measuring “real” VO
2
max (and not VO
2
peak) by ap-
plying current criteria for maximal exercise testing (Scharhag-
Rosenberger 2010, Midgley et al. 2008), including the rec-
ommendation that the duration of VO
2
max tests should last 
between 5 and 26 minutes (Midgley et al., 2008). The speci/c 
maximal exercise test in our study was performed on a motor-
ized treadmill and the chosen protocol for the determination of 
VO
2
max was previously shown to induce exhaustion in athletic 
and non-athletic persons after 5 - 9 min (Steiner & Wehrlin, 2011). 
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Conclusion
Based on MAPE, in young adults with good to superior aerobic 
capacity the Actiheart step test was not acceptable for estima-
tion of VO
2
max. The mode AHraw signi/cantly underestimated 
VO
2
max in men and women endurance trained athletes, and 
AHcomplete signi/cantly underestimated VO
2
max in women 
athletes. In endurance trained participants one should manu-
ally enter RMR, HRmax, and SHR into the Actiheart software in 
order to increase the accuracy of the VO
2
max prediction. Areas 
of future investigation include the repetition of analyses of this 
study when performing the Actiheart step test with other step 
heights, evaluation of the reliability of the step test, inclusion of 
older and more sedentary persons and use in a clinical setting, 
and assessing factors such as HR and VO
2
 during the Actiheart 
step test to improve the estimation of VO
2
max.
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Abstract: The maximum aerobic metabolic rate can be expressed in multiple metabolically equivalent
tasks (MET), i.e., METmax. The purpose was to quantify the error when the conventional
(3.5 mL·kg−1·min−1) compared to an individualized 1-MET-value is used for calculating METmax
and estimating activity energy expenditure (AEE) in endurance-trained athletes (END) and active
healthy controls (CON). The resting metabolic rate (RMR, indirect calorimetry) and aerobic metabolic
capacity (spiroergometry) were assessed in 52 END (46% male, 27.9 ± 5.7 years) and 53 CON
(45% male, 27.3 ± 4.6 years). METmax was calculated as the ratio of VO2max over VO2 during RMR
(METmax_ind), and VO2max over the conventional 1-MET-value (METmax_fix). AEE was estimated
by multiplying published MET values with the individual and conventional 1-MET-values. Dependent
t-tests were used to compare the different modes for calculating METmax and AEE (α = 0.05). In women
and men CON, men END METmax_fix was significantly higher than METmax_ind (p < 0.01), whereas,
in women END, no difference was found (p > 0.05). The conventional 1-MET-value significantly
underestimated AEE in men and women CON, and men END (p < 0.05), but not in women END
(p > 0.05). The conventional 1-MET-value appears inappropriate for determining the aerobic metabolic
capacity and AEE in active and endurance-trained persons.
Keywords: resting metabolic rate; maximum oxygen consumption; energy expenditure; endurance
athletes
1. Introduction
The aerobic capacity (maximum oxygen consumption, VO2max) is defined as the highest rate
at which oxygen can be taken up and utilized by the body during an intense large muscle group
exercise [1]. It is used in both athletic and health settings, as a determinant of physical performance [1]
or as a predictor of health risk and longevity [2]. Traditionally, VO2max is expressed as the ratio of
maximum rate of oxygen consumption and body mass (mL·kg−1·min−1). However, expressing VO2max
by normalizing for body mass (m) can be problematic since an m-based ratio is negatively correlated
with m [3] and, therefore, imposes a penalty in heavier subjects, especially since the actual scaling with
m is not linear [4]. This ratio is, thus, inappropriate for studies where VO2max is compared between
groups that are not matched for body size and mass, or when body mass changes over time [5,6]. One
way to remove the effects of m is to adjust VO2max by using the power function relationship VO2max =
amk where a is the scaling constant and k is the scaling exponent [5]. However, there is considerable
Nutrients 2019, 11, 458; doi:10.3390/nu11020458 www.mdpi.com/journal/nutrients
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controversy regarding the theoretical value this exponent should take (e.g., k = 2/3, 3/4 or >3/4) [7,8].
In addition, the effect of m is also a function of body composition since muscle volume is an important
determinant of metabolic capacity while fat tissue is comparatively metabolically inert. This would
imply that fat mass changes would introduce a greater bias as compared to lean mass changes.
Alternatively, the aerobic capacity can be expressed as the maximum aerobic metabolic rate in
a multiple of metabolic equivalent of tasks (MET), i.e., METmax. One MET is defined as the energy
expended by a subject at rest (resting metabolic rate, RMR) of ~1 kcal·kg−1·h−1 [9], and is equivalent
to a volume of oxygen consumed of 3.5 mL O2 kg−1·min−1 [10]. The MET provides a useful way to
describe and classify physical activities by expressing the specific level of activity energy expenditure
(AEE) (under steady state conditions) in relative value, i.e., as a multiple of RMR. Theoretically, 10 METs
would then correspond to 35 mL O2 kg−1 ·min−1, which is equivalent to ~10 kcal·kg−1·h−1.
The Compendium of Physical Activities provides a five-digit coding scheme linking categories
and types of physical activity with their respective intensity values in METs [9]. It was originally
developed for use in epidemiologic and surveillance studies to standardize the MET intensities for
various types of physical activity used in questionnaires. However, the Compendium is also frequently
applied for determining precise energy costs of activities outside of its original scope. In several
studies, where physical activity questionnaires were applied, the energy expenditure was estimated by
using established MET codes from the Compendium of Physical Activity [11–16].
Several authors have questioned the widespread application of the conventional 1-MET
value [17–20]. The value was derived from measurements of resting oxygen consumption (resting
metabolic rate, RMR) of just one person, who is a 70-kg, 40-year old male, and it was shown that
this value over-estimates [19–26] or underestimates [19] RMR for many types of individuals. RMR
is lower in overweight subjects, declines with age, and is lower in females compared to males [20].
Therefore, estimation of AEE using the conventional 1-MET value might misrepresent actual energy
expenditure. This might lead to inaccurately estimating energy requirements resulting in a positive
or negative energy balance and undesirable and unexpected weight fluctuations. In addition, the
maximum aerobic metabolic rate expressed as METmax might be erroneous when the conventional
1-MET value is used instead of the actual metabolic rate at rest. However, the correct assessment
of oxygen consumption at rest (resting metabolic rate; RMR) requires considerable expense for both
participants and researchers. Therefore, several prediction equations were developed to estimate RMR
(e.g., Harris-Benedict [27], Cunningham [28]), but these also have their limitations [29,30].
Purpose of the study was to quantify the error when the conventional compared to an
individualized 1-MET value is used for (1) calculating METmax, and (2) estimating energy expenditure
for various daily physical activities, in endurance trained women and men, and active healthy controls.
It was further investigated whether the use of a predicted RMR by the Harris-Benedict equation would
reduce such an error. It was hypothesized that the use of the conventional 1-MET value would lead to
relevant errors in both calculating METmax and estimating energy expenditure in comparison with an
individualized approach.
2. Materials and Methods
2.1. Participants
After a public announcement, 68 competitive endurance athletes (31 women, 37 men; regular
endurance training volume ≥300 min·wk−1 and participation in competitions) and 63 healthy,
non-endurance-trained active controls (34 women, 29 men; max. 150 min·wk−1 moderate endurance
training) were recruited for this study. Inclusion criteria for all participants were weight stability (<2 kg
of weight difference in the last 3 months), a Body Mass Index (BMI) between 18.5 and 25 kg·m−2,
and an age between 18 and 40 years. All participants were non-smokers, not pregnant or lactating,
not dieting, not suffering from metabolic disease and/or eating disorders, and not taking medication
(apart from contraceptives). Athletes did not change their training habits within the last four weeks
before the experiments (e.g., due to injury or disease).
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The Regional Ethics Committee of the Canton Berne, Switzerland (KEK-number 090/15) approved
all experimental procedures, and the study was carried out according to the recommendations of the
latest Helsinki Declaration. Written informed consent of the participants was obtained before any testing.
2.2. Study Design
The participants arrived to the testing center on two separate testing days and had refrained
from strenuous physical activity for at least 24 h. On the first testing day, the participants completed,
in a fasting state (≥12 h absence of any food or fluid intake, ≥36 h absence of alcohol or caffeine
intake) measurements in the following order: (1) anthropometry and body composition, (2) RMR,
and (3) individual calibration of a combined heart rate (HR) and movement sensor (see below). One
week after the first testing day, the participants performed an incremental exercise test (VO2max) in a
non-fasted state. On the days between the two testing days, the participants wore the HR and movement
sensor for at least 7 days. All tests were carried out in Magglingen (Switzerland) at an altitude of 950 m.
2.3. Anthropometric Data and Body Composition
Height and body mass were measured to the nearest 0.5 cm and 0.1 kg using a height rod (Seca
213, Seca, Hamburg, Germany) and a calibrated beam scale (Seca 877, Seca, Hamburg, Germany),
respectively, with the participants in light clothing and without shoes.
Body composition was assessed using Lunar iDXA (GE Healthcare, Madison, WI, USA). The iDXA
was calibrated on a daily basis using a calibration phantom before any testing. The participants were in
underwear, bladder-voided, and all metal artefacts were removed. During the measurement, participants
were in a supine position on the scanning table with their ankles and legs fixed using supports. Arms were
positioned to the side with the palms flat on the table. Participants were requested not to move during the
measurement. Whole body scans were performed, according to the manufacturer’s instructions. Adipose
tissue mass, lean tissue mass, and bone mineral content were derived with the accompanying software
(enCore software v. 11.10, GE Healthcare, Madison, WI, USA). Estimation of total body composition with
the Lunar iDXA has been reported to be excellent in other studies [31,32].
2.4. Resting Metabolic Rate
Following the body composition assessment, RMR was measured by indirect calorimetry using
a ventilated hood system (Quark CPET, COSMED Srl, Rome, Italy). Calibrations of the flowmeter
and gas analyzer were carried out before each test, according to the manufacturer’s instructions.
Participants were acclimatizing and relaxing for 30 min on a bed before the hood was placed over the
participant’s head and measurements were started. VO2 and carbon dioxide production (VCO2) were
measured for 30 min at 10-s intervals with participants remaining motionless in a supine position in a
thermo-neutral environment (20–25 ◦C [33]). The first 5 min were eliminated as the acclimatization
artifact. From the remaining 25 min, the interval of 5 consecutive minutes with the lowest means of the
coefficients of variation (CV) for VO2 and VCO2 was chosen. By use of the abbreviated Weir equation,
RMR was calculated [34]. Pre-hoc exclusion criteria were values of CV of VO2 and VCO2 ≥10% and
respiratory quotient (RQ, defined as the ratio of VCO2 and VO2) <0.70 and >1.00, since values outside
the plausible range for RQ suggest protocol violations or inaccurate gas measurements [33]. Average
RQ during RMR measurement was 0.76 ± 0.04 and the CV of VO2 and VCO2 were 3.6 ± 1.5% and
4.5 ± 1.9%, respectively. RMR measurements took place at a mean temperature of 21.9 ± 1.1 ◦C,
39.1 ± 10.3% humidity, and an air pressure of 914 ± 8 hpa.
2.5. Measurement of VO2max
Before the test, each participant filled out the German [35] or French [36] version of the Physical
Activity Readiness Questionnaire (PAR-Q). Only if participants answered all items with “no,” the exercise
testing was started. The test was performed on a treadmill (women: model Mercury, men: model Venus,
h/p/Cosmos Sports & Medical GmbH, Traunstein, Germany). After a 5-min warm-up jog, non-athletic
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participants began running at 7 km·h−1, whereas participants from the athletic group started at 9 km·h−1.
The speed was increased by 1 km·h−1 every minute for the first 3 min of the test, and, thereafter, by 0.5
km·h−1 every 30 s until exhaustion. Treadmill inclines were set at 4◦ throughout the test [37]. Gas
exchange was measured breath-by-breath with an open-circuit system (Quark CPET, COSMED Srl,
Rome, Italy). Calibration was performed before each test, according to the manufacturer’s instructions.
VO2 data was processed using 10-s time averages and VO2max was determined as the highest 30-s
VO2 average for the test [38]. HR was continuously registered with a wireless HR monitoring system
(model SZ990, COSMED Srl, Rome, Italy). The participants’ rating of perceived exertion (RPE) was
assessed immediately after the test with Borg’s RPE scale [39]. If the primary criteria of a plateau
in oxygen uptake (defined as an increase of VO2 <2.1 mL·kg−1·min−1 [40]) was not reached by the
participant (n = 4), then the secondary criteria of a RQ value ≥1.10, and an HR close (± 10 bpm) to the
age-predicted maximum HR [41] were used to determine whether the participant reached maximal
effort and VO2max [42]. VO2max-tests were carried out at a mean room temperature of 21.7 ± 1.2 ◦C, a
humidity of 39.2 ± 9.8%, and an air pressure of 914 ± 7 hpa. In general, a temperature range of 20 to 22
◦C in a cool, dry environment (<50% humidity) is considered comfortable for exercise testing [43].
2.6. Calculation of METmax and Estimation of Energy Expenditure
METmax was calculated in two modes, which are the ratio of (1) VO2max (mL·min−1) over VO2
during RMR measurement (METmax_ind), and (2) the VO2max (mL·min−1) over the conventional
1-MET value (3.5 mL·kg−1·min−1, METmax_fix). For calculating activity energy expenditure (AEE)
activities, different MET intensities were chosen: light (<3 METs), moderate (3–5.99 METs), vigorous
(6–8.99 METs), and very vigorous (≥9 METs) activity [44]. MET values for the different activities were
achieved by using the Compendium of Physical Activities [9]. AEE of the different activities was
estimated by multiplying the MET value (1) with the individual 1-MET value (AEE_ind), (2) with
the conventional 1-MET value (AEE_fix), and with the predicted RMR by using the Harris-Benedict
equation (AEE_pred). For estimating the total energy expenditure (TEE), three different physical activity
levels (PAL) were chosen including a sedentary or light activity lifestyle (PAL 1.53), a moderately active
or active lifestyle (PAL 1.76), and a vigorously active lifestyle (PAL 2.25) [45]. The different PAL values
were then multiplied (1) with the individual 1-MET value (TEE_ind), (2) with the conventional 1-MET
value (TEE_fix), and (3) with the predicted RMR by use of the Harris-Benedict equation (TEE_pred).
2.7. Physical Activity Level (PAL)
The PAL of the participants was assessed using a combined HR and movement sensor (Actiheart;
Cambridge Neurotechnology Ltd., Papworth, UK). The Actiheart was clipped onto two standard
ECG electrodes (3MTM Red DotTM Electrode 2560; 3M Health Care, St. Paul, USA) on the chest of the
participant, according to the manufacturer’s instructions, and worn day and night [46]. The device was
calibrated for each participant using a standard step test, which is a built-in function of the Actiheart
software version 4.0.92 (Cambridge Neurotechnology Ltd., Papworth, UK). AEE was estimated by
analyzing 6 full-day (24 h) recordings of HR and body movement with a 15-s averaging epoch setting.
Participants were requested to continue their habitual life routine and physical activities during the
recording period. TEE was calculated as the sum of RMR, AEE, and diet-induced thermogenesis
(estimated as 10% of TEE [47]). PAL was then calculated as TEE/RMR. The Actiheart was shown
to give accurate estimations of AEE during a wide range of activities in male and female subjects of
various ages, body mass, and fitness levels [48–52].
2.8. Statistics
Statistical analyses were performed with SPSS statistics version 24 for MS-Windows (IBM Corp.,
Chicago, IL, USA). Mean values and standard deviations (SD) were calculated and data was checked for
normality using the Shapiro-Wilk-test. All parameters were normally distributed with the exception of age,
body mass, body mass index (BMI), body fat (%), fat-free mass (FFM; kg), RMR (kcal·day−1), VO2max
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(L·min−1), RQrest, and AEE/TEE calculated either by use of the conventional, predicted, or individual
1-MET value. Group differences were tested by independent t-tests and Mann-Whitney-U-tests (α = 0.05).
The relationship between the two modes for calculating METmax and the relationship between VO2max
and RMR were first investigated using the Pearson’s Product moment correlation analysis. The correlation
coefficients (r) were classified, according to Cohen [53]. An r between 0.10–0.29 was considered small,
between 0.30–0.49 was considered moderate, and between 0.50–1.0 was considered showing a strong
association. The data were further analyzed using dependent t-tests. In addition, the mean absolute error
(MAE) and the mean absolute percentage error (MAPE) of METmax_fix compared to METmax_ind were
calculated. Since no standardized threshold exists for high or low MAPE, a MAPE≥10% was considered an
indicator of inaccuracy as suggested by other authors [54–57]. The standard error of the estimate (SEE) was
calculated by linear regression, where METmax_ind was entered as a dependent variable and METmax_fix
as an independent variable. For differences in estimating AEE/TEE by use of the individual, predicted,
and conventional 1-MET value, the Wilcoxon signed-rank test for dependent samples was applied.
3. Results
3.1. Participants
Nine participants who did not meet the pre-defined inclusion criteria (e.g., BMI <18.5 or
>25.0 kg·m−2, age <18 or >40 years, not weight stable), 9 participants with invalid RMR tests (e.g., RQ
<0.70 or >1.00, CV of VO2 and VCO2 >10%), and 7 subjects without a valid VO2max test (e.g., no
plateau or other criteria for the maximal effort reached) were excluded from the analysis. One
participant withdrew from the study due to personal reasons. In total, data of 57 women and 48 men
were included in the analysis. The subjects were grouped, according to their aerobic fitness level
(METmax_ind). Male and female participants with a METmax_ind above the 50th percentile were
classified as endurance trained participants (END, n = 24 and n = 28, respectively). Subjects with
a METmax_ind below the 50th percentile served as healthy, non-endurance trained active controls
(CON, 24 men and 29 women). In Table 1, anthropometric data, body composition, RMR, and VO2max
of the participants are displayed. Women END had a significantly lower body fat percentage and BMI
and higher PAL than CON (p < 0.05). In men, no significant differences between groups were obtained
for body composition, RMR, and PAL (p > 0.05). The individual 1-MET value was significantly higher
than 1 kcal·kg−1·h−1 in men and women CON, and men END (p < 0.05). When RMR was predicted
by the use of the Harris-Benedict equation, the RMR was significantly lower than 1 kcal·kg−1·h−1
in women CON, and higher in men CON and END (p < 0.05). The range of VO2max was 2.2–3.9
L·min−1 or 34.4–62.0 mL·kg−1·min−1 for women and 2.5–5.3 L·min−1 or 42.8–78.4 mL·kg−1·min−1
for men, respectively. Men and women END had significantly higher aerobic capacity compared to
CON (p < 0.01). In Figure 1, the relationship between VO2max and RMR is displayed. There was a
significant positive relationship between VO2max and RMR in all subgroups (p < 0.0001).
Table 1. Overview about included endurance trained participants (END) and healthy controls (CON)
with a valid resting metabolic rate (RMR) and maximum oxygen consumption (VO2max) measurements.
Data are presented as Mean ± SD.
Women Men
CON (n = 29) END (n = 28) CON (n = 24) END (n = 24)
Age (years) 27.6 ± 4.1 39.0 ± 6.1 27.0 ± 5.2 26.6 ± 5.0
Body mass (kg) 60.7 ± 6.7 59.6 ± 6.3 72.0 ± 7.4 70.8 ± 7.3
Height (cm) 167 ± 6 169 ± 6 178 ± 6 180 ± 6
BMI (kg·m−2) 21.7 ± 1.6 20.8 ± 1.5 2 22.7 ± 2.2 21.8 ± 1.8
Fat mass (%) 27.1 ± 5.5 23.7 ± 4.4 2 15.9 ± 5.5 15.2 ± 4.7
FFM (kg) 45.0 ± 4.9 46.2 ± 4.9 61.3 ± 5.7 60.8 ± 7.2
PAL 1 1.8 ± 0.2 2.1 ± 0.2 4 1.8 ± 0.3 1.9 ± 0.3
RMR
(kcal·day−1) 1505 ± 155 1457 ± 148 1873 ± 186 1824 ± 198
(kcal·kg−1·day−1) 24.9 ± 1.9 24.5 ± 2.1 26.1 ± 1.8 25.9 ± 2.5
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Table 1. Cont.
Women Men
CON (n = 29) END (n = 28) CON (n = 24) END (n = 24)
(kcal·kg−1·h−1) 1.04 ± 0.08 5 1.02 ± 0.09 1.09 ± 0.07 7 1.08 ± 0.10 6
RMRpred
(kcal·kg−1·h−1) 0.98 ± 0.05
5 0.99 ± 0.05 1.03 ± 0.05 5 1.04 ± 0.04 7
RQrest 0.76 ± 0.04 0.76 ± 0.04 0.76 ± 0.06 0.75 ± 0.04
VO2max
(L·min−1) 2.9 ± 0.4 3.3 ± 0.4 3 4.1 ± 0.5 4.5 ± 0.5 3
(mL·kg−1·min−1) 48.3 ± 5.1 55.3 ± 4.1 4 56.8 ± 5.7 64.1 ± 6.1 4
BMI = body mass index, FFM = fat-free mass, PAL = physical activity level, RMRpred = RMR predicted by use of the
Harris-Benedict equation, RQrest = respiratory quotient at rest. 1 Valid Actiheart data available for 46 females (22 CON
and 24 END) and 35 males (16 CON and 19 END). 2 Significantly different from CON of the same sex group (p < 0.05).
3 Significantly different from CON of the same sex group (p < 0.01). 4 Significantly different from CON of the same sex
group (p < 0.0001). 5 Significantly different from the value of 1 kcal·kg−1·h−1 (p < 0.05). 6 Significantly different from
the value of 1 kcal·kg−1·h−1 (p < 0.01). 7 Significantly different from the value of 1 kcal·kg−1·h−1 (p < 0.0001).
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Figure 1. Resting metabolic rate (RMR) and maximum oxygen consumption (VO2max) in (a) women
and (b) men who were endurance trained subjects (END) and healthy controls (CON).
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3.2. Calculation of METmax
METmax_ind and METmax_fix in women and men CON correlated (r = 0.69 and r = 0.78,
respectively, p < 0.0001, Table 2). The MAE, MAPE, and SEE are presented for all groups in Table 2.
In women and men CON, and men END METmax_fix significantly overestimated METmax (p < 0.01),
whereas, in the women END, there was no difference (p > 0.05). When looking at the total sample,
METmax_fix significantly overestimated METmax, compared to the use of the individual 1-MET value
for its calculation (16.0± 2.2 vs. 15.1± 1.6, p < 0.0001). The range of MAPE was 6.6% to 11.3% across all
groups. METmax_ind was significantly higher in men and women END compared to their non-athletic
counterparts (p < 0.0001, Figure 2).
Table 2. Values and concurrent validity of the maximum metabolic equivalent of tasks (METmax) by
use of the individual (METmax_ind) and conventional (METmax_fix, 3.5 mL·kg−1·min−1) 1-MET-value
for calculating in endurance trained participants (END) and healthy controls (CON). Data are presented
as Mean ± SD.
Women Men
CON (n = 29) END (n = 28) CON (n = 24) END (n = 24)
METmax_ind 13.3 ± 0.9 2 15.5 ± 1.0 1 14.9 ± 0.8 3 16.9 ± 0.7 1,2
METmax_fix 13.8 ± 1.4 15.9 ± 1.2 1 16.3 ± 1.6 18.3 ± 1.8 1
r value 0.69 4 0.24 0.78 4 0.10
MAE 0.9 ± 0.8 1.0 ± 0.9 1.5 ± 0.9 1.9 ± 1.3
MAPE (%) 6.6 ± 6.2 6.8 ± 6.2 10.3 ± 5.9 11.3 ± 7.6
SEE 0.63 1.03 0.52 0.70
1 Significantly different from CON of the same sex group (p < 0.0001). 2 Significantly different from METmax_fix of
the same sex and experimental group (p < 0.01). 3 Significantly different from METmax_fix of the same sex and
experimental group (p < 0.0001). 4 Correlation significant at p < 0.0001.
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Figure 2. (a) Maximu metabolic equivalent of task (METmax) and (b) maximum oxygen consumption
(VO2max) in women and men who were endurance trained subjects (END) and healthy controls (CON).
3.3. Estimation of AEE/TEE
The conventional 1-MET value significantly underestimated the energy expenditure of all activities
in men and women CON and men END (p < 0.05), whereas, in women END, no difference was
observed (p > 0.05, Table 3). For example, when the energy expenditure during one hour of running
was estimated by use of the individual 1-MET value, the AEE was in the mean 32 kcal·h−1, 97 kcal·h−1,
and 84 kcal·h−1 higher in women and men CON, and men END, respectively, compared to the use
of the conventional 1-MET value for its calculation. When AEE was calculated based on an RMR
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estimated by use of the Harris-Benedict equation in all subgroups, estimated AEE was significantly
lower than AEE_ind for all activities (p < 0.05).
Table 3. Calculation of activity energy expenditure (AEE) for one hour of activity (either light, moderate,
vigorous, and very vigorous) by multiplication of the individual (AEE_ind), conventional (AEE_fix),
and predicted (AEE_pred) 1-MET value with published MET values of specific activities [9]. Data are
presented as Mean ± SD.
Women Men
CON (n = 29) END (n = 28) CON (n = 24) END (n = 24)
Light activity (e.g., sitting tasks, Code 11580, 1.5 METs)
AEE_ind (kcal·h−1) 94 ± 10 91 ± 9 117 ± 12 114 ± 12
AEE_fix (kcal·h−1) 91 ± 10 1 89 ± 10 108 ± 11 3 106 ± 11 2
Mean difference AEE_ind—AEE_fix (kcal·h−1) 3 ± 7 2 ± 8 9 ± 8 8 ± 10
AEE_pred (kcal·h−1) 89 ± 5 2 88 ± 5 1 110 ± 8 2 110 ± 8 2
Mean difference AEE_ind—AEE_pred (kcal·h−1) 6 ± 7 3 ± 8 7 ± 8 4 ± 8
Moderate activity (e.g., organizing room, Code 05125, 4.8 METs)
AEE_ind (kcal·h−1) 301 ± 31 291 ± 30 375 ± 37 365 ± 40
AEE_fix (kcal·h−1) 292 ± 32 1 286 ± 30 346 ± 36 3 340 ± 35 2
Mean difference AEE_ind – AEE_fix (kcal·h−1) 10 ± 23 5 ± 24 29 ± 26 25 ± 33
AEE_pred (kcal·h−1) 283 ± 16 2 281 ± 17 1 353 ± 26 2 352 ± 27 2
Mean difference AEE_ind—AEE_pred (kcal·h−1) 18 ± 24 11 ± 24 22 ± 24 13 ± 27
Vigorous activity (e.g., stair climbing, Code 17130, 8.0 METs)
AEE_ind (kcal·h−1) 502 ± 52 486 ± 49 625 ± 62 608 ± 66
AEE_fix (kcal·h−1) 486 ± 54 1 477 ± 51 576 ± 60 3 566 ± 58 2
Mean difference AEE_ind—AEE_fix (kcal·h−1) 16 ± 38 9 ± 41 48 ± 43 42 ± 55
AEE_pred (kcal·h−1) 472 ± 27 2 468 ± 29 1 589 ± 43 2 587 ± 44 2
Mean difference AEE_ind—AEE_pred (kcal·h−1) 30 ± 39 18 ± 40 36 ± 41 21 ± 45
Very vigorous activity (e.g., running 11 mph, Code 12130, 16 METs)
AEE_ind (kcal·h−1) 1004 ± 103 971 ± 99 1249 ± 124 1216 ± 132
AEE_fix (kcal·h−1) 972 ± 107 1 953 ± 101 1152 ± 119 3 1132 ± 117 2
Mean difference AEE_ind—AEE_fix (kcal·h−1) 32 ± 75 18 ± 81 97 ± 85 84 ± 110
AEE_pred (kcal·h−1) 944 ± 54 2 934 ± 57 1 1177 ± 85 2 1174 ± 89 2
Mean difference AEE_ind—AEE_pred (kcal·h−1) 59 ± 78 36 ± 80 72 ± 81 42 ± 89
1 Significantly different from AEE_ind of the same experimental and sex group (p < 0.05). 2 Significantly different
from AEE_ind of the same experimental and sex group (p < 0.01). 3 Significantly different from AEE_ind of the
same experimental and sex group (p < 0.0001).
TEE was significantly underestimated in men and women CON, and men END when the
conventional 1-MET value was used for estimating RMR and a PAL of 1.53, 1.76, or 2.25 was applied
for calculating TEE (p < 0.05, Table 4). The range of the mean difference between TEE_ind and TEE_fix
was 41–222 kcal·day−1 for a PAL of 1.53, 47–255 kcal·day−1 for a PAL of 1.76, and 60–326 kcal·day−1
for a PAL of 2.25 across all groups. When TEE was calculated based on an RMR estimated by use of
the Harris-Benedict equation, estimated TEE was still significantly lower than TEE_ind for all PAL
values in all subgroups (p < 0.05).
Table 4. Total energy expenditure (TEE) calculated with the individual (TEE_ind), conventional (TEE_fix),
and predicted (TEE_pred) 1-MET value for a sedentary or light activity lifestyle (PAL 1.53), an active or
moderately active lifestyle (PAL 1.76), and a vigorous or vigorous active lifestyle (PAL 2.25) [45].
Women Men
CON (n = 29) END (n = 28) CON (n = 24) END (n = 24)
Sedentary or light activity lifestyle (PAL 1.53)
TEE_ind (kcal·day−1) 2303 ± 237 2229 ± 226 2866 ± 285 2790 ± 303
TEE_fix (kcal·day−1) 2230 ± 246 1 2188 ± 232 2645 ± 273 3 2598 ± 268 2
Mean difference TEE_ind—TEE_fix (kcal·day−1) 73 ± 173 41 ± 186 222 ± 196 192 ± 253
TEE_pred (kcal·day−1) 2167 ± 124 2 2146 ± 131 1 2702 ± 195 2 2694 ± 204 2
Mean difference TEE_ind—TEEpred
(kcal·day−1) 136 ± 180 83 ± 183 164 ± 186 96 ± 205
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Table 4. Cont.
Women Men
CON (n = 29) END (n = 28) CON (n = 24) END (n = 24)
Active or moderately active lifestyle (PAL 1.76)
TEE_ind (kcal·day−1) 2649 ± 272 2564 ± 260 3297 ± 327 3210 ± 348
TEE_fix (kcal·day−1) 2565 ± 283 1 2517 ± 267 3042 ± 314 3 2989 ± 308 2
Mean difference TEE_ind—TEE_fix (kcal·day−1) 84 ± 199 47 ± 214 255 ± 225 221 ± 291
TEE_pred (kcal·day−1) 2493 ± 143 2 2468 ± 151 1 3108 ± 224 2 3099 ± 234 2
Mean difference TEE_ind—TEEpred
(kcal·day−1) 157 ± 207 95 ± 211 189 ± 215 111 ± 236
Vigorous or vigorous active lifestyle (PAL 2.25)
TEE_ind (kcal·day−1) 3387 ± 348 3277 ± 332 4215 ± 418 4102 ± 445
TEE_fix (kcal·day−1) 3279 ± 361 1 3217 ± 342 3889 ± 402 3 3821 ± 394 2
Mean difference TEE_ind—TEE_fix (kcal·day−1) 108 ± 254 60 ± 273 326 ± 288 282 ± 372
TEE_pred (kcal·day−1) 3186 ± 183 2 3156 ± 193 1 3974 ± 287 2 3962 ± 300 2
Mean difference TEE_ind—TEEpred
(kcal·day−1) 201 ± 265 122 ± 270 241 ± 274 141 ± 301
1 Significantly different from TEE_ind of the same experimental and sex group (p < 0.05). 2 Significantly different
from TEE_ind of the same experimental and sex group (p < 0.01). 3 Significantly different from TEE_ind of the same
experimental and sex group (p < 0.0001).
4. Discussion
Aims of the study were to quantify the absolute and relative errors when the conventional 1-MET
estimated value (defined as a constant viz. 1 kcal·kg−1·h−1) was compared to an individualized RMR
value measured by indirect calorimetry. Both values were used as the baseline for calculating METmax
and they were compared to determine whether the use of a measured (rather than predicted) RMR
would reduce the relative and absolute error of prediction of METmax.
In endurance trained men of the present study, METmax was significantly overestimated and
predicted that the resting energy expenditure was slightly underestimated when the conventional
standard 1-MET value was used for their calculation. In the endurance trained women, no differences
between the conventional vs. individual 1-MET value were found so that the estimation of METmax
was marginally higher by 0.4 METs only, as compared to the measured value (Table 2).
In men and women controls, and endurance trained men, the individual 1-MET value was
significantly higher than the conventional and fixed 1-MET value (p < 0.05). Therefore, it can be
concluded that the use of the conventional 1-MET value is inappropriate for determining the aerobic
metabolic capacity and estimating the daily activity related energy expenditure (using a METs table) in
active people and endurance trained athletes.
These findings are in contrast to the majority of published studies, where the measured individual
1-MET value in women was mostly lower than 3.5 mL·kg−1·min−1 or 1 kcal·kg−1·h−1. For example, in
a study of Byrne et al., the mean resting energy cost was 2.56 mL·kg−1·min−1 or 0.84 kcal·kg−1·h−1 [17].
However, they measured RMR in a large, heterogeneous sample, comprising many women and less
men, with a wide age range (18–74 years) as well as the BMI range (13.8–57.5 kg·m−2). Indirect
calorimetry measurements were made (1) with a comfortable hood system (and not with face mask
or mouthpiece, which are known to generate slightly higher RMR values, [58]), (2) under strictly
standardized conditions with participants fasting for at least 12 h and no exercise allowed the day
preceding testing, and (3) a 25-min period at steady state of a total 45 min RMR measurement was
chosen for analysis. They also found that fat mass and FFM accounted for 62% of the variance in resting
VO2. In a review of McMurray et al. examining RMR in healthy adults, the mean value for RMR was
0.86 kcal·kg−1·h−1, as expected, which is higher for men than women, decreases with increasing age,
and is less in overweight/obese than normal weight adults [20]. Adults with a BMI ≥30 kg·m−2 had
the lowest RMR (<0.74 kcal·kg−1·h−1).
In a previous study, the RMR of adolescents, pregnant and post-pregnant women, and active men
was measured [19]. A significantly higher relative RMR in adolescents compared to the conventional
Nutrients 2019, 11, 458 10 of 16
1-MET value was found, whereas, in the other subgroups, no differences were observed. When
reviewing data on endurance trained men and women whose RMR was measured using indirect
calorimetry, similar results to the present study were obtained: women were expending, on average,
1.11 kcal·kg−1·h−1, and men 1.13 kcal·kg−1·h−1 [59–67]. In these experimental studies, the use of
the conventional fixed 1-MET value led to considerably greater error in endurance trained men and
women compared to the measured RMR value. In the present study, endurance trained men also
demonstrated a significantly higher individual RMR value compared to the conventional theoretical
1-MET value. In addition, participants in the control groups also had significantly higher individual
1-MET values. Incidentally, it should be noted that the participants who were assigned to the control
group are not representative of the general population of Switzerland, which comprises a majority of
moderately active and sedentary individuals. In other words, the individuals of the present sample
were more physically active and had a “normal” BMI. For comparison purposes, Swiss men with a
mean age of 42 years had a relative body fat percentage of 21.0% [68], which is a slightly elevated value.
In a sample of Swiss women (n = 64) with a mean age of 27 years, more than two-thirds (70.3%) had a
body fat percentage ≥30% [69], which indicates the presence of a high percentage of plump women.
Since fat mass is the strongest predictor of the variability of resting VO2 [17], such differences in body
composition (higher relative FFM in the present study) might explain the higher individual 1-MET
value of the controls compared to the values reported in the literature. In any case, these findings
underline the limits of using a fixed standard 1-MET value.
4.1. Calculation of METmax
The present study addressed how much relative and absolute error the use of the conventional
1-MET value would introduce when used for calculating METmax. In 79% of the women and 88%
of the men CON, and 83% of the endurance trained men (END), the conventional 1-MET value
overestimated METmax, which resulted in a significant overestimation of the mean aerobic metabolic
capacity in these groups. The MAPE was 6.6%, 10.3%, and 11.3% in both women and men CON, and
men END, respectively, and 35%, 50%, and 46% of the women and men CON, and men END had a
MAPE ≥10%, respectively. Generally, a MAPE ≥10% can be considered to be a marker for inaccurate
measurements [54–57]. Therefore, the authors of the present study strongly encourage researchers and
any other person, who wants to determine the aerobic metabolic capacity of active subjects, to measure
RMR before a maximum exercise test is conducted. Since proper assessment of RMR requires further
expertise, equipment, and time, and is somewhat cumbersome for the participant, RMR should be at
least estimated using established equations, such as the Harris-Benedict [27] or the Cunningham [28]
formulas. Another possibility would be the direct assessment of resting VO2 of the subject prior to
exercise testing while standing still on the treadmill or sitting quietly on a bike. However, it is unclear
whether this resting VO2 is more appropriate for calculating METmax than using a conventional or
estimated value for RMR.
4.2. Estimation of AEE, TEE, and Physical Activity Level (PAL = TEE/RMR)
As the second purpose, the error when the conventional 1-MET value was used for estimating
daily energy expenditures was investigated. Large differences using the individual and conventional
1-MET values for estimating energy expenditures were observed. In women and men CON, and
men END, the conventional 1-MET value significantly underestimated the energy expenditure of
several physical activities and total daily energy expenditure. For example, using a PAL of 2.25 for
estimation of TEE, reflecting a rather active lifestyle, led to an underestimation of energy requirements
of 108 kcal·day−1, 326 kcal·day−1, and 282 kcal·day−1 for women and men CON, and men END,
respectively, when the conventional 1-MET value of 1 kcal·kg−1·h−1 was used. In the endurance
trained women of this study, no difference between the individual and conventional 1-MET value
was found when energy requirements were calculated. This is because the difference between the
individual and conventional 1-MET value was not significant.
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PAL and MET values are frequently used for estimating energy requirements in athletes. However,
using the conventional 1-MET value for their calculation might underestimate (true) energy costs of
their activities and might promote insufficient energy intake, especially in situations when athletes wish
to control their energy balance (e.g., for weight loss or maintenance). Besides the possible undesirable
effects on body mass and body composition, the underestimation of energy costs and further advised
erroneous energy intakes might also lead to a higher risk of suffering from Relative Energy Deficiency
in Sport (RED-S), its concomitant symptoms, and a decrease in endurance performance [70]. Therefore,
it can be recommended to either (1) measure directly the energy costs of physical activities or daily
energy requirements using validated and objective measures, (2) measure RMR and use the individual
1-MET value for estimating energy requirements, or, in the case that both options are not possible,
to (3) estimate RMR using established formulae and use a corrected 1-MET value for estimating the
energy expenditure.
Most often in the general population, the individual 1-MET value is significantly lower than the
conventional 1-MET value [19–26]. Therefore, in the general population, the use of the conventional
1-MET value is mostly overestimating energy costs of activities, as shown previously by others [21,23].
This overestimation of energy requirements might, thus, promote a positive energy balance and could
contribute to a higher risk for obesity and concomitant diseases. Several authors recommend the
use of corrected MET values to account for personal variation in sex, body mass, height, and age in
order to estimate the individual physical activity level more accurately [17,18]. Hereby, the standard
1-MET value of 3.5 mL·kg−1·min−1 is divided by a predicted RMR obtained from the Harris-Benedict
equation [27]. The authors found a significant reduction of underestimation and misclassification of the
MET values when a corrected 1-MET value was used. Howley (2011) stated that the ratio of the work
metabolic rate to measured RMR should not be called “METs,” since METs are, by definition, restricted
to a denominator of 3.5 mL·kg−1·min−1 [71]. In the present study the use of a predicted 1-MET value
by using the Harris-Benedict equation reduced the mean difference in energy expenditure estimation
between the use of a measured and estimated RMR in men, whereas, in women, the mean difference
was even higher than the use of the conventional 1-MET value. Therefore, the use of corrected METs
might be useful for estimating individual energy costs in some cases, whereas the standard MET values
can help classify the intensity of physical activities, when different studies are compared. Lastly, it
must be stated that neither the standard nor the use of a corrected 1-MET value can replace the direct
assessment of energy expenditure by either measuring oxygen consumption during physical activities
or by using the doubly labeled water technique.
4.3. Strengths and Limitations
This is the first study with the purpose to assess the individual 1-MET value in endurance
trained athletes. Expressing aerobic capacity as a ratio of maximum oxygen consumption divided
by oxygen consumption at rest is a suitable measure in endurance trained athletes and healthy,
active controls. A big advantage of the METmax calculation is that the denominator (RMR) already
takes into account the metabolic and physiological characteristics of the individual at the baseline,
so that inter-individual (e.g., comparisons between groups of different age, sex, body composition,
physiological status, ethnicity) and intra-individual (e.g., change of body composition throughout
different observation time points) comparisons of METmax will not be biased by a difference or change
of these characteristics. The readjustment of RMR (upward or downward) will not bias the validity of
the new METmax recalculation. Another advantage of the present study is the focus on strict protocols
for assessment of the variables, e.g., RMR was measured in the early morning after an overnight
fast with subjects abstaining from vigorous exercise for ≥24 h. Assessment of body composition was
performed with a gold standard method viz. dual x-ray absorptiometry.
However, some limitations must be addressed. First of all, the control participants do not
reflect the typical, less physically active Swiss population. For example, the METmax of the control
participants was “only” two units less when compared to their endurance-trained counterparts.
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In addition, the fat mass percentage might be lower in the control participants compared to the general
population. On the other hand, the physical activity level, body composition, and the aerobic capacity
of the control participants might reflect the recommended “normal” human phenotype, i.e., physically
active and “normal” BMI. Nevertheless, inclusion of a sedentary overweight (or obese) control group
would give additional insights about the error when using the conventional 1-MET value for both
determining the aerobic metabolic capacity and estimating the energy expenditure in these populations.
Generally, it must be stated that estimating the energy expenditure using published MET values of
the Compendium of Physical Activities must be taken with caution since the published MET values
are often based on only one reference. Therefore, it can be expected that there is a wider variance in
estimated AEE compared to the direct assessment of oxygen consumption during various physical
activities [9]. In the present study, the dietary intake data (diary) were not analyzed, since the validity
of self-reported energy intake data is highly questionable [72]. However, assessment of the total energy
expenditure by use of objective validated tools (e.g., doubly labelled water) would have given further
information about the interplay with energy requirements and aerobic metabolic capacity.
5. Conclusions
The use of a conventional 1-MET value appears inappropriate for determining the aerobic
metabolic capacity and estimating the daily energy expenditure in active and endurance-trained
persons. When the conventional standard 1-MET value was used, the predicted resting energy
expenditure was slightly but significantly underestimated (above all in men). As a result, the calculation
of METmax was significantly overestimated due to the underestimation of the denominator.
Furthermore, the energy costs of non-maximal physical activities should also be underestimated
when the conventional 1-MET value is used and this might lead to an underestimation of energy
requirements for a given physical activity. For valid assessment of METmax (calculated from VO2max),
measuring RMR by indirect calorimetry is recommended or, if not possible, estimating RMR is
recommended using published validated equations tailored to the characteristics of the group studied
in terms of age, gender, body composition (FFM), physiological status (i.e., pregnancy), and ethnicity.
For estimating energy requirements, it can be recommended to (1) either measure directly the energy
expenditure by use of validated tools, or (2) measure (or at least estimate) RMR and use appropriately
adjusted MET values published in the literature [9] for estimating the energy costs of various structured
exercises as well as free-living daily physical activities.
Author Contributions: Conceptualization, J.H., K.M., Y.S., and B.K. Methodology, J.H., K.M., Y.S., and B.K. Formal
analysis, J.H. Investigation, J.H. Data curation, J.H. Writing—original draft preparation, J.H. Writing—review
and editing, J.H., K.M., Y.S., and B.K. Visualization, J.H. Supervision, B.K. Project administration, K.M. and B.K.
Funding acquisition, K.M.
Funding: This research received no external funding.
Acknowledgments: The authors would like to thank all the participants who volunteered to participate in
this study.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Bassett, D.R.; Howley, E.T. Limiting factors for maximum oxygen uptake and determinants of endurance
performance. Med. Sci. Sports Exerc. 2000, 32, 70–84. [CrossRef] [PubMed]
2. Kodama, S.; Saito, K.; Tanaka, S.; Maki, M.; Yachi, Y.; Asumi, M.; Sugawara, A.; Totsuka, K.; Shimano, H.;
Ohashi, Y.; et al. Cardiorespiratory fitness as a quantitative predictor of all-cause mortality and cardiovascular
events in healthy men and women: A meta-analysis. JAMA 2009, 301, 2024–2035. [CrossRef] [PubMed]
3. Nevill, A.M.; Ramsbottom, R.; Williams, C. Scaling physiological measurements for individuals of different
body size. Eur. J. Appl. Physiol. 1992, 65, 110–117. [CrossRef]
4. Vanderburgh, P.M.; Katch, F.I. Ratio scaling of VO2max penalizes women with larger percent body fat,
not lean body mass. Med. Sci. Sports Exerc. 1996, 28, 1204–1208. [CrossRef] [PubMed]
Nutrients 2019, 11, 458 13 of 16
5. Nevill, A.; Rowland, T.; Goff, D.; Martel, L.; Ferrone, L. Scaling or normalising maximum oxygen uptake to
predict 1-mile run time in boys. Eur. J. Appl. Physiol. 2004, 92, 285–288. [CrossRef] [PubMed]
6. Darveau, C.A.; Suarez, R.K.; Andrews, R.D.; Hochachka, P.W. Allometric cascade as a unifying principle of
body mass effects on metabolism. Nature 2002, 417, 166–170. [CrossRef] [PubMed]
7. Weibel, E.R. Physiology: The pitfalls of power laws. Nature 2002, 417, 131–132. [CrossRef] [PubMed]
8. Nevill, A.M.; Stewart, A.D.; Olds, T.; Holder, R. Are adult physiques geometrically similar? The dangers of
allometric scaling using body mass power laws. Am. J. Phys. Anthropol. 2004, 124, 177–182. [CrossRef]
9. Ainsworth, B.E.; Haskell, W.L.; Herrmann, S.D.; Meckes, N.; Bassett, D.R.; Tudor-Locke, C.; Greer, J.L.;
Vezina, J.; Whitt-Glover, M.C.; Leon, A.S. 2011 Compendium of Physical Activities: A second update of
codes and MET values. Med. Sci. Sports Exerc. 2011, 43, 1575–1581. [CrossRef]
10. Jetté, M.; Sidney, K.; Blümchen, G. Metabolic equivalents (METS) in exercise testing, exercise prescription,
and evaluation of functional capacity. Clin. Cardiol. 1990, 13, 555–565. [CrossRef] [PubMed]
11. Matthews, C.E.; Ainsworth, B.E.; Hanby, C.; Pate, R.R.; Addy, C.; Freedson, P.S.; Jones, D.A.; Macera, C.A.
Development and testing of a short physical activity recall questionnaire. Med. Sci. Sports Exerc. 2005, 37,
986–994. [PubMed]
12. Ishikawa-Takata, K.; Naito, Y.; Tanaka, S.; Ebine, N.; Tabata, I. Use of doubly labeled water to validate
a physical activity questionnaire developed for the Japanese population. J. Epidemiol. 2011, 21, 114–121.
[CrossRef] [PubMed]
13. Adams, S.A.; Matthews, C.E.; Ebbeling, C.B.; Moore, C.G.; Cunningham, J.E.; Fulton, J.; Hebert, J.R. The effect
of social desirability and social approval on self-reports of physical activity. Am. J. Epidemiol. 2005, 161,
389–398. [CrossRef] [PubMed]
14. Conway, J.M.; Seale, J.L.; Jacobs, D.R.; Irwin, M.L.; Ainsworth, B.E. Comparison of energy expenditure
estimates from doubly labeled water, a physical activity questionnaire, and physical activity records. Am. J.
Clin. Nutr. 2002, 75, 519–525. [CrossRef] [PubMed]
15. Leenders, N.Y.; Sherman, W.M.; Nagaraja, H.N.; Kien, C.L. Evaluation of methods to assess physical activity
in free-living conditions. Med. Sci. Sports Exerc. 2001, 33, 1233–1240. [CrossRef] [PubMed]
16. Seale, J.L.; Klein, G.; Friedmann, J.; Jensen, G.L.; Mitchell, D.C.; Smiciklas-Wright, H. Energy expenditure
measured by doubly labeled water, activity recall, and diet records in the rural elderly. Nutr. Burbank Los
Angel. Cty. Calif. 2002, 18, 568–573. [CrossRef]
17. Byrne, N.M.; Hills, A.P.; Hunter, G.R.; Weinsier, R.L.; Schutz, Y. Metabolic equivalent: One size does not fit
all. J. Appl. Physiol. 2005, 99, 1112–1119. [CrossRef] [PubMed]
18. Kozey, S.; Lyden, K.; Staudenmayer, J.; Freedson, P. Errors in MET estimates of physical activities using 3.5
mL x kg(-1) x min(-1) as the baseline oxygen consumption. J. Phys. Act. Health 2010, 7, 508–516. [CrossRef]
[PubMed]
19. Melzer, K.; Heydenreich, J.; Schutz, Y.; Renaud, A.; Kayser, B.; Mäder, U. Metabolic equivalent in adolescents,
active adults and pregnant women. Nutrients 2016, 8, 438. [CrossRef]
20. McMurray, R.G.; Soares, J.; Caspersen, C.J.; McCurdy, T. Examining variations of resting metabolic rate of
adults: A public health perspective. Med. Sci. Sports Exerc. 2014, 46, 1352–1358. [CrossRef]
21. Brooks, A.G.; Withers, R.T.; Gore, C.J.; Vogler, A.J.; Plummer, J.; Cormack, J. Measurement and prediction
of METs during household activities in 35- to 45-year-old females. Eur. J. Appl. Physiol. 2004, 91, 638–648.
[CrossRef] [PubMed]
22. Gunn, S.M.; Brooks, A.G.; Withers, R.T.; Gore, C.J.; Plummer, J.L.; Cormack, J. The energy cost of household
and garden activities in 55- to 65-year-old males. Eur. J. Appl. Physiol. 2005, 94, 476–486. [CrossRef] [PubMed]
23. Gunn, S.M.; Brooks, A.G.; Withers, R.T.; Gore, C.J.; Owen, N.; Booth, M.L.; Bauman, A.E. Determining energy
expenditure during some household and garden tasks. Med. Sci. Sports Exerc. 2002, 34, 895–902. [CrossRef]
[PubMed]
24. Withers, R.T.; Brooks, A.G.; Gunn, S.M.; Plummer, J.L.; Gore, C.J.; Cormack, J. Self-selected exercise intensity
during household/garden activities and walking in 55 to 65-year-old females. Eur. J. Appl. Physiol. 2006, 97,
494–504. [CrossRef] [PubMed]
25. Kwan, M.; Woo, J.; Kwok, T. The standard oxygen consumption value equivalent to one metabolic equivalent
(3.5 mL/min/kg) is not appropriate for elderly people. Int. J. Food Sci. Nutr. 2004, 55, 179–182. [CrossRef]
[PubMed]
Nutrients 2019, 11, 458 14 of 16
26. Savage, P.D.; Toth, M.J.; Ades, P.A. A Re-examination of the metabolic equivalent concept in individuals
with coronary heart disease. J. Cardiopulm. Rehabil. Prev. 2007, 27, 143–148. [CrossRef] [PubMed]
27. Harris, J.A.; Benedict, F.G. A Biometric study of human basal metabolism. Proc. Natl. Acad. Sci. USA 1918, 4,
370–373. [CrossRef] [PubMed]
28. Cunningham, J.J. Body composition as a determinant of energy expenditure: A synthetic review and a
proposed general prediction equation. Am. J. Clin. Nutr. 1991, 54, 963–969. [CrossRef]
29. Frankenfield, D.; Roth-Yousey, L.; Compher, C. Comparison of predictive equations for resting metabolic rate
in healthy nonobese and obese adults: A systematic review. J. Am. Diet. Assoc. 2005, 105, 775–789. [CrossRef]
30. Flack, K.D.; Siders, W.A.; Johnson, L.; Roemmich, J.N. Cross-validation of resting metabolic rate prediction
wquations. J. Acad. Nutr. Diet. 2016, 116, 1413–1422. [CrossRef]
31. Carver, T.E.; Christou, N.V.; Andersen, R.E. In vivo precision of the GE iDXA for the assessment of total
body composition and fat distribution in severely obese patients. Obesity 2013, 21, 1367–1369. [CrossRef]
[PubMed]
32. Hind, K.; Oldroyd, B.; Truscott, J.G. In vivo precision of the GE Lunar iDXA densitometer for the
measurement of total body composition and fat distribution in adults. Eur. J. Clin. Nutr. 2011, 65, 140–142.
[CrossRef] [PubMed]
33. Compher, C.; Frankenfield, D.; Keim, N.; Roth-Yousey, L. Evidence Analysis Working Group. Best practice
methods to apply to measurement of resting metabolic rate in adults: A systematic review. J. Am. Diet. Assoc.
2006, 106, 881–903. [CrossRef] [PubMed]
34. Weir, J.B.D.B. New methods for calculating metabolic rate with special reference to protein metabolism.
J. Physiol. 1949, 109, 1–9. [CrossRef] [PubMed]
35. Marti, B.; Villiger, B.; Hintermann, M.; Lerch, R. Plötzlicher Herztod beim Sport: Sinnvolle
Vorsorgeuntersuchungen und Präventionsmassnahmen. Schweizerische Zeitschrift für “Sportmedizin und
Sporttraumatologie” 1998, 46, 83–85.
36. Société canadienne de physiologie de l’exercice. Questionnaire sur l’aptitude à l’activité physique (Q-AAP).
2002. Available online: http://www.csep.ca/CMFiles/publications/parq/Q-AAP.pdf (accessed on
25 August 2016).
37. Steiner, T.; Wehrlin, J.P. Does hemoglobin mass increase from age 16 to 21 and 28 in elite endurance athletes?
Med. Sci. Sports Exerc. 2011, 43, 1735–1743. [CrossRef] [PubMed]
38. Robergs, R.A.; Dwyer, D.; Astorino, T. Recommendations for improved data processing from expired gas
analysis indirect calorimetry. Sports Med. Auckl. N. Z. 2010, 40, 95–111. [CrossRef] [PubMed]
39. Borg, G. Perceived exertion as an indicator of somatic stress. Scand. J. Rehabil. Med. 1970, 2, 92–98. [PubMed]
40. Taylor, H.L.; Buskirk, E.; Henschel, A. Maximal oxygen intake as an objective measure of cardio-respiratory
performance. J. Appl. Physiol. 1955, 8, 73–80. [CrossRef] [PubMed]
41. Tanaka, H.; Monahan, K.D.; Seals, D.R. Age-predicted maximal heart rate revisited. J. Am. Coll. Cardiol. 2001,
37, 153–156. [CrossRef]
42. Howley, E.T.; Bassett, D.R.; Welch, H.G. Criteria for maximal oxygen uptake: Review and commentary. Med.
Sci. Sports Exerc. 1995, 27, 1292–1301. [CrossRef] [PubMed]
43. Myers, J.; Arena, R.; Franklin, B.; Pina, I.; Kraus, W.E.; McInnis, K.; Balady, G.J.; American Heart Association
Committee on Exercise, Cardiac Rehabilitation, and Prevention of the Council on Clinical Cardiology, the
Council on Nutrition, Physical Activity, and Metabolism, and the Council on Cardiovascular Nursing.
Recommendations for clinical exercise laboratories: A scientific statement from the American heart
association. Circulation 2009, 119, 3144–3161. [PubMed]
44. Physical Activity Guidelines Advisory Committee report, 2008. To the Secretary of Health and Human
Services. Part A: Executive summary. Nutr. Rev. 2009, 67, 114–120. [CrossRef] [PubMed]
45. Human Energy Requirements: Report of a Joint FAO/WHO/UNU Expert Consultation Rome, 17–24 October 2001;
FAO Food and Nutrition Technical Report Series; United Nations University: Rome, Italy, 2004; ISBN
978-92-5-105212-9.
46. Brage, S.; Brage, N.; Ekelund, U.; Luan, J.; Franks, P.W.; Froberg, K.; Wareham, N.J. Effect of combined
movement and heart rate monitor placement on physical activity estimates during treadmill locomotion and
free-living. Eur. J. Appl. Physiol. 2006, 96, 517–524. [CrossRef] [PubMed]
Nutrients 2019, 11, 458 15 of 16
47. Manore, M.M.; Thompson, J.L. Energy requirements of the athlete: Assessment and evidence of energy
efficiency. In Clinical Sports Nutrition; Burke, L.M., Deakin, V., Eds.; McGraw-Hill Australia Pty Ltd.:
North Ryde, Australia, 2010; pp. 96–115.
48. Thompson, D.; Batterham, A.M.; Bock, S.; Robson, C.; Stokes, K. Assessment of low-to-moderate intensity
physical activity thermogenesis in young adults using synchronized heart rate and accelerometry with
branched-equation modeling. J. Nutr. 2006, 136, 1037–1042. [CrossRef] [PubMed]
49. Butte, N.F.; Wong, W.W.; Adolph, A.L.; Puyau, M.R.; Vohra, F.A.; Zakeri, I.F. Validation of cross-sectional
time series and multivariate adaptive regression splines models for the prediction of energy expenditure in
children and adolescents using doubly labeled water. J. Nutr. 2010, 140, 1516–1523. [CrossRef] [PubMed]
50. Crouter, S.E.; Churilla, J.R.; Bassett, D.R. Accuracy of the Actiheart for the assessment of energy expenditure
in adults. Eur. J. Clin. Nutr. 2008, 62, 704–711. [CrossRef]
51. Brage, S.; Westgate, K.; Franks, P.W.; Stegle, O.; Wright, A.; Ekelund, U.; Wareham, N.J. Estimation of
free-living energy expenditure by heart rate and movement sensing: A doubly-labelled water study.
PLoS ONE 2015, 10, e0137206. [CrossRef]
52. Villars, C.; Bergouignan, A.; Dugas, J.; Antoun, E.; Schoeller, D.A.; Roth, H.; Maingon, A.C.; Lefai, E.; Blanc, S.;
Simon, C. Validity of combining heart rate and uniaxial acceleration to measure free-living physical activity
energy expenditure in young men. J. Appl. Physiol. 2012, 113, 1763–1771. [CrossRef]
53. Cohen, J. Statistical Power Analysis for Behavioral Sciences; Lawrence Erlbaum Associates: Hillsdale, NJ, USA,
1988.
54. Boudreaux, B.D.; Hebert, E.P.; Hollander, D.B.; Williams, B.M.; Cormier, C.L.; Naquin, M.R.; Gillan, W.W.;
Gusew, E.E.; Kraemer, R.R. Validity of wearable activity monitors during cycling and resistance exercise.
Med. Sci. Sports Exerc. 2018, 50, 624–633. [CrossRef]
55. Lee, J.-M.; Kim, Y.; Welk, G.J. Validity of consumer-based physical activity monitors. Med. Sci. Sports Exerc.
2014, 46, 1840–1848. [CrossRef] [PubMed]
56. Nelson, M.B.; Kaminsky, L.A.; Dickin, D.C.; Montoye, A.H.K. Validity of consumer-based physical activity
monitors for specific activity types. Med. Sci. Sports Exerc. 2016, 48, 1619–1628. [CrossRef] [PubMed]
57. Roos, L.; Taube, W.; Beeler, N.; Wyss, T. Validity of sports watches when estimating energy expenditure
during running. BMC Sports Sci. Med. Rehabil. 2017, 9, 22. [CrossRef] [PubMed]
58. Forse, R.A. Comparison of gas exchange measurements with a mouthpiece, face mask, and ventilated canopy.
JPEN J. Parenter. Enteral Nutr. 1993, 17, 388–391. [CrossRef] [PubMed]
59. Boulay, M.R.; Serresse, O.; Almeras, N.; Tremblay, A. Energy expenditure measurement in male cross-country
skiers: Comparison of two field methods. Med. Sci. Sports Exerc. 1994, 26, 248–253. [CrossRef] [PubMed]
60. Drenowatz, C.; Eisenmann, J.C.; Pivarnik, J.M.; Pfeiffer, K.A.; Carlson, J.J. Differences in energy expenditure
between high- and low-volume training. Eur. J. Sport Sci. 2013, 13, 422–430. [CrossRef] [PubMed]
61. Koshimizu, T.; Matsushima, Y.; Yokota, Y.; Yanagisawa, K.; Nagai, S.; Okamura, K.; Komatsu, Y.; Kawahara, T.
Basal metabolic rate and body composition of elite Japanese male athletes. J. Med. Investig. JMI 2012, 59,
253–260. [CrossRef]
62. LaForgia, J.; Withers, R.T.; Williams, A.D.; Murch, B.J.; Chatterton, B.E.; Schultz, C.G.; Leaney, F. Effect of 3
weeks of detraining on the resting metabolic rate and body composition of trained males. Eur. J. Clin. Nutr.
1999, 53, 126–133. [CrossRef]
63. Sato, A.; Shimoyama, Y.; Ishikawa, T.; Murayama, N. Dietary thiamin and riboflavin intake and blood
thiamin and riboflavin concentrations in college swimmers undergoing intensive training. Int. J. Sport Nutr.
Exerc. Metab. 2011, 21, 195–204. [CrossRef]
64. Herring, J.L.; Molé, P.A.; Meredith, C.N.; Stern, J.S. Effect of suspending exercise training on resting metabolic
rate in women. Med. Sci. Sports Exerc. 1992, 24, 59–65. [CrossRef]
65. Trappe, T.A.; Gastaldelli, A.; Jozsi, A.C.; Troup, J.P.; Wolfe, R.R. Energy expenditure of swimmers during
high volume training. Med. Sci. Sports Exerc. 1997, 29, 950–954. [CrossRef] [PubMed]
66. Rehrer, N.J.; Hellemans, I.J.; Rolleston, A.K.; Rush, E.; Miller, B.F. Energy intake and expenditure during a
6-day cycling stage race. Scand. J. Med. Sci. Sports 2010, 20, 609–618. [CrossRef] [PubMed]
67. Desgorces, F.D.; Chennaoui, M.; Drogou, C.; Guezennec, C.Y.; Gomez-Merino, D. Relationships between
leptin levels and carbohydrate intake during rowing training. J. Sports Med. Phys. Fit. 2008, 48, 83–89.
Nutrients 2019, 11, 458 16 of 16
68. Zogg, S.; Dürr, S.; Maier, S.; Tomatis, L.; Uehli, K.; Miedinger, D.; Leuppi, J.D. Relationship between
domain-specific physical activity and different body composition measures in a working population. J. Occup.
Environ. Med. 2014, 56, 1074–1081. [CrossRef] [PubMed]
69. Mueller, S.M.; Herter-Aeberli, I.; Cepeda-Lopez, A.C.; Flück, M.; Jung, H.H.; Toigo, M. The effect of body
composition and serum inflammatory markers on the functional muscle-bone unit in premenopausal women.
Int. J. Obes. 2017, 41, 1203–1206. [CrossRef] [PubMed]
70. Mountjoy, M.; Sundgot-Borgen, J.K.; Burke, L.M.; Ackerman, K.E.; Blauwet, C.; Constantini, N.; Lebrun, C.;
Lundy, B.; Melin, A.K.; Meyer, N.L.; et al. IOC consensus statement on relative energy deficiency in sport
(RED-S): 2018 update. Br. J. Sports Med. 2018, 52, 687–697. [CrossRef] [PubMed]
71. Howley, E.T. To the Editor. J. Phys. Act. Health 2011, 8, 141–142. [CrossRef]
72. Subar, A.F.; Freedman, L.S.; Tooze, J.A.; Kirkpatrick, S.I.; Boushey, C.; Neuhouser, M.L.; Thompson, F.E.;
Potischman, N.; Guenther, P.M.; Tarasuk, V.; et al. Addressing current criticism regarding the value of
self-report dietary data. J. Nutr. 2015, 145, 2639–2645. [CrossRef]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
